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Introduction.
1.1. Overview and scientific problems.
Upconverting nanocrystals (UCNCs) are a unique class of luminescent nanomaterials that can
emit light at higher energy than the excitation energy.1 UCNCs are generally comprised of
optically inert inorganic host lattice, sensitizer ions (light harvester), and activator ions (emitter
ions). Sensitizers and activators are rare-earth ions that are doped into the inorganic host lattice.
Energy-transfer upconversion (ETU) in Yb–Er sensitizer–activator upconverting pairs is depicted
in Figure 1.1. In an ETU process, the sensitizer ion (Yb3+) is first excited from the ground state
(2F7/2) to its metastable level (2F5/2) after absorbing a 980 nm NIR photon. In the next step, the
sensitizer ion transfers its harvested energy to the ground state (4I15/2) of the activator (Er3+) ion,
exciting electrons in the ground state (4I15/2) of the activator (Er3+) ion to its intermediate state
(4I11/2). As a result, the sensitizer ion (Yb3+) relaxes back to its ground state (2F7/2). Next, the second
energy transfer takes place from the already excited Yb3+ ion to the intermediate state (4I11/2) of
the Er3+ ion. This leads electrons in the intermediate state (4I11/2) of the Er3+ ion to its upper excited
state (4F7/2). As a result, the electrons in the sensitizer ion (Yb3+) relaxes back to the ground state.
The electrons in the upper excited state (4F7/2) of the activator ion (Er3+) relax back to its ground
state emitting in the visible region. Therefore, the upconversion phenomenon is a multiphoton
process where two or more low-energy photons are used to produce a single high-energy photon.2
The process of creating higher energy emissions from lower energy excitations is called an antiStokes process. During the last two decades, upconverting nanocrystals have attracted a great deal
of excitement as optical probes in the fields of bioimaging and biosensing.3-11 In 2010, Vetrone
and coworkers demonstrated a nanothermometer based on the temperature-dependent
luminescence properties of Er:Yb:NaYF4 upconverting nanocrystals.12 This was a promising
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example that demonstrates the application of UCNCs as a sensing probe. Not only did Vetrone
and coworkers demonstrate that these novel nanothermometers are capable of accurately sensing
the temperature of a solution but also in biological systems such as HeLa cancer cells. Another
promising example for the application of UCNCs as an optical probe was the work done by Xiong
and coworkers in 2009.13 They developed a high contrast imaging protocol to image tumor cells
inside mice.
Compared to traditional imaging and sensing agents, UCNCs are comprised of advantages
which make them ideal optical probes. The first advantage is that, as mentioned earlier, UCNCs
show anti-Stokes emissions where traditional imaging agents show Stokes emissions. The second
most important property lies in the ability of UCNCs to employ NIR radiation as an excitation
source where conventional imaging and sensing materials require ultraviolet and blue spectral
regions. The advantages of exciting in the NIR region are minimal spectral overlap between
excitation and emission wavelength, lower autofluorescence from the background and deep tissue
penetration. The third advantage is that the UCNCs show narrow emission bandwidths (≈10–20
nm) in the visible region: bandwidths are half of that of the quantum dots (≈25–40 nm) and much
lower than that of the organic dyes (≈100 nm).14,15 This property allows emission bands to be more
resolved. Another significant advantage is that UCNCs show no photobleaching and
photoblinking. Photobleaching is a phenomenon that leads to an irreversible structural change of
the organic dyes in the presence of incident radiation. Photoblinking is the name given for the
on/off behavior of emission light in quantum dots. However, in 2009, Wu et al. demonstrated that
Er:Yb:NaYF4 emits in the visible region with exceptional stability and without a blinking behavior
under 980 nm excitation.16 Since then, many research groups demonstrated the extreme
photostability and non-blinking behavior of UCNCs.17-19 Despite the mentioned advantages, the
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lower quantum efficiency, the lack of full-spectrum color-tunability, and the difficulty in achieving
single-band red emission are three scientific problems associated with the commercialization of
UCNCs as an optical probe. This knowledge gap stems from the lack of availability of design
principles that allow the rational selection of host materials that provides optimized energytransfer pathways for the activator–sensitizer pair.

Figure 1.1. Schematic representation of the energy-transfer upconversion process in Yb–Er
sensitizer–activator pair doped system.
So far, rare-earth-doped β-NaYF4 reported as the archetypical upconverting nanocrystal system
due to its higher quantum efficiency compared to other existing UCNCs. Generally, the efficiency
of bulk upconverting materials are in the range of 3–5 %

2,20-23

and for that of the upconverting

nanomaterials is <1 %.21,24-26 On the other hand, these efficiency values are significantly lower
than that for the conventional imaging agents such as quantum dots (generally >97 %).27 Owing
to its higher penetration ability, single-band red emission is an important property that an optical
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probe should contain. Although rare-earth-doped β-NaYF4 was able to emit three primary colors,
it fails to emit single-band red emission.
Achieving higher efficiency, controlled color-tunability, and single-band red emission in NIRto-visible light upconverters depend on parameters that influence the radiative and non-radiative
energy-transfer rates. There are different types of energy-transfer processes that can take place
between sensitizer, activator, and host. Among these energy-transfer processes, some are
favorable, and some are unfavorable. Figure 1.2 shows the possible energy-transfer processes that
can take place between sensitizer, activator, and host except for ETU. Energy-migration and crossrelaxation are seen between activator–activator.28 Phonon-assisted energy migration could take
place between activator–activator ions as well as an activator–host.28 Multiphonon relaxation is
seen among activator ions.28 Therefore, it is critical to gain control of energy-transfer pathways

Figure 1.2. Energy-transfer processes in light upconverting materials.
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corresponding to light upconversion in order to obtain efficient and color-tunable upconverting
nanocrystals. The rate of these energy-transfer processes depends on the chemical and structural
properties of a given material. These properties are rare-earth concentration, the dimensionality of
the luminescent center, symmetry at the luminescent center, and the vibrational energy of the host
lattice.
1.2. Strategies to enhance efficiency and color-tunability in UCNCs.
Three major research strategies that have been used to address the scientific problems are: i)
altering rare-earth concentration, ii) nanostructuring, and iii) tuning the host’s chemical
composition. So far, rare-earth concentration and nanostructuring have been used as the major
synthetic levers to boost the efficiency and to tune the color-tunability of β-NaYF4 nanocrystals
via optimizing energy-transfer pathways.
1.2.1. Rare-earth concentration to optimize the optical properties of UCNCs.
Rare-earth concentration is a crucial factor because it controls the distance between
luminescent centers, and thereby affects the energy-transfer efficiency. Moreover, the distance
between activator and sensitizer ions determines the dipole-dipole and exchange coupling energytransfer rates. Zhang et al. investigated the relationship between Yb3+ concentration and the
upconverting luminescence properties of Er:Yb:α-NaYF4.29 They observed that the increase of
Yb3+ concentration from 0 to 10% resulted in an increase of the integrated intensity of red band
(660 nm) by 22 with respect to the sum of integrated intensities of green emission bands (525 and
545 nm). This observation was explained as a result of cross-relaxation between two adjacent Er3+
ions. Motivated by the great optical properties of β-NaYF4, Yan and coworkers used Yb3+ and Er3+
concentrations as levers to tailor the upconverting luminescence properties of Er:Yb:β-NaYF4
nanocrystals.30 They found that when Er3+ concentration was fixed at 2%, and the increase of Yb3+
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concentration from 10 to 20%, the intensity of green emission bands were enhanced with respect
to the red emission band. When Yb3+ concentration increased further to 30%, the intensity of the
red emission band started to increase with respect to green emission bands. Similarly, they
increased the Er3+ concentration from 0.5 to 5% while keeping Yb3+ concentration fixed at 20%.
They observed that the intensity of green emission bands increased almost monotonically with the
increase of Er3+ concentration. In addition to the examples discussed here there are a considerable
amount of articles written regarding the use of rare-earth concentration as a synthetic lever to boost
the upconversion efficiency and to tune the color tunability of UCNCs.19,21,31-36 However, due to
concentration quenching that occurred at a higher level of rare-earth ions, these concentrations
need to be kept at lower levels. Therefore, it limits the ability to use rare-earth concentration as a
synthetic lever to enhance the upconversion efficiency and color-tunability of upconverting
nanocrystal system.
1.2.2. Nanostructuring to optimize the optical properties of UCNCs.
Apart from changing rare-earth concentration, many research groups have used core-shell
research to develop efficient and color-tunable upconverting nanocrystals. The major concept
behind the core-shell approach is to minimize the luminescence quenching that occurs due to highenergy oscillators arising from surface defects and weakly bound impurities, ligands, and solvents.
It also limits the deleterious cross-relaxation energy-transfer processes between activator-activator
ions. In 2007, Chow et al. reported the enhancement of upconverting efficiency of Er:Yb:NaYF4
and Tm:Yb:NaYF4 by ≈7 and 29 times, respectively after growing a NaYF4 shell.37 Since then,
variety

of

core-shell

structures

Er(Tm):Yb:NaYF4@NaYF4,30,37,41

such

as

Er(Tm):Yb:NaYF4@NaGdF4,38-40

Er(Tm,Nd):Yb:NaGdF4@NaGdF4,17,42,43

and

Tm(Ce,Er,Tb):Yb:NaGdF4@NaYF421,44 have been prepared. Schematic representation of an
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active core/active shell and active core/inactive shell structures are shown in Figure 1.3. However,
developing an efficient and color-tunable nanocrystal system from fundamental considerations
remains challenging.

Figure 1.3. Schematics illustrating of upconversion in Yb3+–Er3+ doped nanoparticles fabricated
with inactive shell (left) and active shell (right).
Due to the fixed chemical composition of the β-NaYF4, this third research approach was not
studied for β-NaYF4 nanocrystal systems. Therefore, the major objective of this project is to utilize
chemical composition and crystal structure of the host as levers to develop efficient and colortunable upconverting nanocrystals.
1.2.3. Tuning host chemical composition to achieve efficient and color-tunable UCNCs.
To this date, the energy-transfer upconversion process has been widely studied in a variety of
host matrices such as fluorides,45-48 oxides,35,49,50 vanadates,51 oxifluorides,52 oxihalides,53 and
oxisulfides.53 The type of host is critical in determining the distance between activator–activator
ions and activator–sensitizer ions, relative spatial position, coordination number around the metal
atom, and the type of anions around the metal centers. These parameters determine the dipoledipole, exchange-dipole energy-transfer processes, radiative transition probabilities, and
vibrational relaxation rates. Different kind of host materials consists of varying amount of phonon
energies. Table 1.1 elaborates the phonon energies of common host matrices that have been used
as a chemical platform in doping rare-earth ions. Phonon energy is an important parameter that
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determines the phonon-induced non-radiative relaxations such as multi-phonon-assisted energytransfer processes. In 2013, Wang et al. demonstrated the use of Er:KYb2F7 upconverting
nanocrystals to control the efficiency and the color-output.48 These researchers showed that the
intensity of the emission was eight times higher than that observed for the archetypical
Er:Yb:NaYF4. The primary reason behind this observation is that the intrinsic reduced
dimensionality of the rare-earth sublattice to place Er3+–Yb3+ activator–sensitizer pairs in discrete
clusters containing only four optically active ions. However, the most challenging aspect in
developing this third research approach is to identify chemically and structurally flexible host.
While searching literature, alkaline-earth fluorohalides were identified as a suitable chemical
platform to study the effect of chemical composition and crystal structure on the luminescence
properties.
Table 1.1. Commonly used host lattices, their phonon energies, and corresponding reference.
Host matrix
Phonon energy (cm-1)
Reference
LaCl3

240

54

LaF3

300

54

NaYF4

350

55

ZrO2

500

49

GdOCl

500

56

Y2O2S

520

57

Y2O3

550

58

YVO4

890

51

LaPO4

1050

54
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1.3. Chemical and structural properties of alkaline-earth fluorohalides.
Rare-earth-doped

alkaline

fluorohalides

have

been

extensively

investigated

as

photoluminescent materials such as X-ray storage phosphors59-62 and low-temperature
downconverters.63 Owing to their rich structural chemistry, they have also been used as optical
materials, scintillators, and medical imaging and sensing.64 Alkaline-earth fluorohalides (MFX; M
= Ca, Sr, and Ba; X = Cl, Br, and I) crystallize in the tetragonal PbFCl-type structure (space group
P4/nmm).65,66 This family of materials consists of nine isostructural members (CaFCl, CaFBr,
CaFI, SrFCl, SrFBr, SrFI, BaFCl, BaFBr, and BaFI) where CaFI is postulated, but to the best of
our knowledge, the synthesis was never reported.65,67 The compositional and structural flexibility
of alkaline-earth fluorohalides makes them an ideal family of materials to identify design
principles to develop efficient and color-tunable upconverting nanocrystals. The unit cell of
alkaline-earth fluorohalides, MF4X5 polyhedron, and –X–M–F2–X– double layers stacked along
the c axis are given Figures 1.4a, 1.4b, and, 1.4c, respectively. The unit cell (Figure 1.4a) consists
of two formula units. As shown in Figure 1.4a, the central metal atom (M, shown in green color)
is coordinated to four fluoride ions (F, shown in orange color) and five halide ions (X, shown in
red color). Among five halide ions, four halide ions lie in the basal plane (referred to as X) and are
equidistant to the central metal atom (M). The remaining halide ion (referred to as Xc) lies parallel
to the c axis with the metal–halide (M–Xc) bond distance equal or different to the other metal–
halide (M–X) bond distances. As shown in Figure 1.4c, MFX structure is composed of neutral
double layers parallel to the (001) plane, where these layers are occupied by –X–M–F2–X–. The
distance between these layers is controlled by the metal–apical halide (M–Xc) bond distance.
The chemical composition of the alkaline-earth fluorohalide host can be tuned in three
different ways. First, doping different types and different amounts of activator–sensitizer pairs
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such as Er–Yb, Ho–Yb, and Tm–Yb. Due to the similarity of ionic radii of divalent alkaline-earth
ions and divalent/trivalent rare-earth ions, alkaline-earth fluorohalides serve as an ideal chemical
platform for hosting rare-earth ions. This concept has been used since the 1970s in the development
X-ray storage phosphors such as Eu2+:(Ca, Sr, Ba)FX, Sm3+:BaFCl59-62 and low-temperature
downconverters Yb2+:(Ca, Sr)F(Cl, Br).63 However, in 2014, Chen et al. described the synthesis
of well-defined and highly crystalline Er:Yb:BaFCl micro sheets for the first time.64 Furthermore,
this research article discusses the NIR-to-visible light upconverting properties of Er:Yb:BaFCl
nanosheets. The second way of tuning the chemical composition of alkaline-earth fluorohalides is
altering heavy halide atom from chlorine (Cl) to bromine (Br) to iodine (I). The third way of tuning
the chemical composition is by changing the central metal atom from calcium (Ca) to strontium
(Sr) to barium (Ba). To explain the structural flexibility of MFX structure upon changing chemical
composition, Table 1.2 contains the experimental values of metal halide to metal fluoride bond
length ratios (M–X/M–F), metal halide to metal apical halide bond distance ratios (M–X/M–Xc),
metal apical halide bond distances (M–Xc), and the coordination number (CNM) around the metal
center are used (data from reference 65,68,69). From Table 1.2, it can be seen that the M–X and
M–Xc bond distance and cell volume increases as the mass of the metal atom or the heavy halide
ion increases. Interestingly, upon the increase of the mass of the heavy halide ion or the metal
atom, the vibrational energies of these bonds decrease. The vibrational energies for MFX are in
the range of 70–360 cm−1.70-75 As a result, upon changing the chemical composition of the host,
the phonon energies of these materials are expected to change. Vibration energy of a bond is an
important structural property that determines the activator–host energy–transfer processes; hence,
the luminescence properties of these materials. Another distinguishing feature of these materials
is M-X/M-Xc. The ratio decreases from CaFCl to BaFCl, whereas in contrast, it increases from
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BaFCl to BaFI (Table 1.2). This ratio plays an important role in determining the
connectivity/coordination number (CNM) for the metal atom. As shown in Table 1.2, the M-Xc
bond distance change from bonding (≈3.0−3.2 Å) and nonbonding values (>3.5 Å). Therefore, the
coordination number around the metal center changes from 9 (CaFCl, SrFCl, SrFBr, BaFCl, and
BaFBr) to 8 (CaFBr, SrFI, and BaFI). Changes in coordination number and symmetry around the
luminescent center are directly related in determining radiative transition probabilities of a given
material. Another important property is that depends on chemical composition, the ligand
distribution pattern in the MF4X5 coordination polyhedron can be described as 4 + 4 + 1 (M−F <
M−X < M−Xc), 4 + 1 + 4 (M−F < M−Xc < M−X), or 4 + 5 (M−F < M−X = M−Xc). Therefore,
depending on the chemical composition of the host, the strength and symmetry of the metal center

Figure 1.4. (a) The tetragonal unit cell (b) the MF4X5 metal coordination polyhedron and (c)
crystal structure of MFX are shown.
vary, thus making it another important structural parameter in determining the photoluminescence
properties of a given material. Moreover, as the M–Xc bond distance increases, the lattice
parameter c increases, which leads to an increase in the gap between −X−M−F2−M−X− neutral
double layers. As a result, the connectivity of MF4X5 polyhedra along the c axis will change
accordingly. Therefore, the dimensionality of the metal sublattice will gradually transit from threedimensional structure (CaFCl, SrFCl, and BaFCl) to two-dimensional structure (CaFBr, SrFI, and
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BaFI). The dimensionality of the metal sublattice is an important structural feature that controls
the dipole-dipole and exchange dipole energy-transfer processes; hence, the activator–activator
and activator–sensitizer energy–transfer processes. The potential to control the structural features
that directly affect the energy-transfer pathways relevant to light upconversion makes alkalineearth fluorohalide an ideal family of materials to accomplish the goal of this research project.
Table 1.2. Distribution of metal–halide bond distances in the MF4X5 polyhedron.
Formula
M-X/M-F
M-X/M-Xc
M-Xc (Å)
CNM
CaFCl

1.25

1.03

3.048

4+4+1

CaFBr

1.28

1.33

4.025

4+4

SrFCl

1.24

1.01

3.113

4+4+1

SrFBr

1.28

1.05

3.390

4+4+1

SrFI

1.31

1.28

4.328

4+4

BaFCl

1.24

0.97

3.196

4+1+4

BaFBr

1.28

1.00

3.412

4+5

BaFI

1.33

1.07

3.836

4+4

1.4. Research plan.
To accomplish the major objective of this Thesis, we have proposed two goals. The first goal
is to establish a colloidal synthetic route to produce rare-earth-doped alkaline-earth fluorohalides
with defined morphology. The second goal is to analyze the effect of host’s chemical composition
on the structural and luminescence properties of rare-earth-doped alkaline-earth fluorohalide
UCNCs.
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1.4.1. Colloidal synthetic route to rare-earth-doped alkaline-earth fluorohalide UCNCs.
Although there were many research articles written about rare-earth-doped alkaline earth
fluorohalides, the articles employ hydrothermal synthesis or mechanochemical synthesis routes to
develop alkaline-earth fluorohalide nanocrystals.64 Therefore, the development of a colloidal
synthetic route to rare-earth-doped alkaline earth fluorohalides remains challenging. We used the
reported colloidal synthesis of Er:Yb:NaYF4 as our motivation to develop a colloidal synthetic
route. Most of these researchers used metal trifluoroacetate precursors as their monomers and
decomposed those precursors in the presence of high boiling point organic solvents to achieve
UCNCs. We modified this concept and invented novel colloidal synthetic routes to rare-earthdoped alkaline-earth fluorohalide nanocrystals. In our synthesis, we used a metal trifluoroacetates
and metal trihaloacetates mixture or metal difluorohaloacetate as our monomers and then
decomposed them in the presence of high boiling point organic solvents to produce rare-earthdoped alkaline-earth fluorohalide UCNCs. However, developing a synthetic route is not sufficient.
It is stringent to obtain these UCNCs in well-defined shape and size (morphology). Morphology
is a remarkable property that determines the distribution of luminescent centers hence the energytransfer pathways. Although our principal goal is not bioimaging, we have an intention to use our
UCNCs for bioimaging in the future. Therefore, it is necessary to keep the particle size in the range
of ≈10 nm so that the particles can be efficiently cleared from the body. So far, we have developed
three new synthetic routes (Figure 1.5) and have focused on the optimization of reaction
parameters such as reaction temperature, reaction time, precursor concentration, and the nature of
the solvent system to obtain particles with well-defined morphology.
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Figure 1.5. One-, two-step thermolysis, and hot-injection synthetic routes to synthesize rare-earth
doped alkaline-earth fluorohalide UCNCs.
1.4.2. Investigation of the effect of chemical composition on structural and luminescence
properties of RE: MFX UCNCs.
The second goal of this project is to investigate the effect of chemical composition and crystal
structure of the host on the structural and photoluminescence properties of these materials. After
optimizing the morphology of rare-earth-doped alkaline-earth fluorohalide UCNCs, a series of
reaction systems were developed by varying the rare-earth concentration. Then the
experimental/actual rare-earth concentration was investigated using ICP-MS analysis. These
results were used to determine the effect of the chemical composition of the host on the solubility
limits of the rare-earth ions in rare-earth-doped alkaline-earth fluorohalides.
In the next step, multiscale structural analyses were performed to analyze the effect of the
chemical composition of the host on the structural properties of these materials. The atomic
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structure of Er:Yb:MFX was probed at three levels: average structure (long-range), local crystal
structure (intermediate-range), and atomic environment of the metal atoms (short-range). For this
purpose, results obtained using Rietveld analysis of synchrotron X-ray diffraction patterns were
used to describe the average crystal structure of Er:Yb:MFX nanocrystals. Pair distribution
function analysis (PDF) was used to probe the local crystal structure of Er:Yb:MFX nanocrystals.
Similarly, X-ray absorption near edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) analysis was used to probe the atomic environment of the strontium atoms.
Later, steady-state and time-dependent spectrofluorometric analyses were used to investigate NIRto-visible light upconversion properties of Er:Yb:MFX nanocrystals. These results were used to
examine the effect of host’s chemical composition on luminescence properties of these materials.
1.5. Thesis organization.
This Thesis is divided into six chapters: Chapter 2 describes the synthetic and analytical
characterization methods employed; Chapter 3 is devoted to the synthesis, characterization, and
the investigation of the effect of chemical composition on structural and luminescence properties
of Er:Yb:SrFX (X = Cl and Br) upconverting nanocrystals; Chapter 4 describes the synthesis,
characterization, and the investigation of the effect of chemical composition on structural and
luminescence properties of Er:Yb:BaFCl upconverting nanocrystals; Chapter 5 focuses on
analyzing the temperature-dependent luminescence properties of Er:Yb:SrFX (X = Cl and Br)
upconverting nanocrystal systems.; Chapter 6 is devoted to the investigation of the effect of rareearth concentration on the temperature-dependent luminescence properties of Er:Yb:BaFCl
upconverting nanocrystals; Chapter 7 describes the summary of the Thesis as well ideas for future
research in the area of rare-earth-doped alkaline-earth upconverting nanocrystals.
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Each chapter is comprised of four sections: Introduction section provides; an overview of
what has been done so far by the other research groups, what need to be done to bridge the existing
knowledge gap, and significance of the work presented in the chapter; Experimental section
provides a detailed description of the synthetic route and analytical characterization techniques
employed throughout the chapter; Results and discussion section is devoted to the presentation,
description, and rationalization of experimental results; finally, Conclusions; provides the
significant findings of the work presented in the chapter and suggestions for future research.
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Synthesis and analytical characterization techniques.
Experimental sections in this chapter were taken from Dissanayake, K.T. and Rabuffetti,
F.A. “Multicolor Emission in Chemically and Structurally Tunable Er:Yb:SrFX (X = Cl, Br)
Upconverting Nanocrystals”. Chemistry of Materials 2018, 30, 2453-2462 and Perera, S.S.;
Dissanayake, K.T.; and Rabuffetti, F.A. “Alkaline-Earth Fluorohalide Nanocrystals for
Upconversion Thermometry”. Journal of Luminescence 2019, 207, 416-423 with permission. All
rights to the work are retained with the authors.
2.1. Introduction.
Major focus of this chapter is to provide detailed information about the colloidal synthetic
routes and the analytical characterization techniques employed in the Thesis. All synthetic methods
that were employed in this Thesis were novel; therefore, the detailed explanation of each step will
be given. On the other hand, all the characterization techniques employed in the Thesis were are
reported in books and peer-reviewed publications; therefore, only necessary detail will be given.
This chapter consisted of two sections: The first section comprised of Colloidal synthetic
techniques, which explained the three novel synthetic routes employed in the Thesis. Each step
for a given synthetic route will be described in detail. However, the specific information that
depends on the type of material synthesized, such as the reaction temperature, reaction time, nature
of the solvent system, and amount of metals used will be described under the experimental section
of each chapter. In the second section, a description of the Analytical characterization
techniques is provided. This description includes an extremely brief introduction, principal
physical-chemical basis, and the instrumentation employed for each characterization technique.
2.2. Synthesis techniques.
2.2.1. Materials.
The amounts, purity, and storage condition of each chemical that was used in the experimental
work presented in the Thesis will be discussed in corresponding chapters.
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2.2.2. Synthesis of metal trihaloacetate M(CX3COO)2 (X = Cl and Br) precursors.
A typical reaction mixture was prepared by adding Er2O3, Yb2O3, and MCO3 (M = Sr and
Ba) to a 50 mL three‐neck round‐bottom flask containing 3 mL of CF3COOH and 3 mL of
double‐deionized water. The flask containing the reaction mixture was immersed in a sand bath
at 65 °C. After 12 h of heating under air, the reaction was stopped; a colorless, optically transparent
solution was obtained. Then, to the same flask 1 mmol of CX3COOH (X = Cl and Br) was added.
The three‐neck flask was then connected to the nitrogen line via a condenser, and a glass adapter
was placed in one of the necks of the flask to allow venting of the nitrogen gas in order to evaporate
the solvent. Then, the flask was immersed in a sand bath at 65 °C, and nitrogen gas flow was
started. A needle‐valve rotameter was employed to regulate the nitrogen flow rate. A constant
flow rate of 200 mL min‐1 was maintained, and the system was kept undisturbed for 48 h.
Polycrystalline solid was obtained at the bottom of the reaction flask after 48 h
2.2.3. Synthesis of metal trifluoroacetate M(CF3COO)2 precursors.
This procedure is similar to the method mentioned in section 2.2.2. The only difference is
that 1 mmol of CX3COOH (X = Cl and Br) was not added in the preparation of metal
trifluoroacetate precursors.
2.2.4. Synthesis of metal difluorohaloacetate M(CF2XCOO)2 (X = Cl and Br) precursors.
First, MCO3 (M = Sr and Ba), Yb2O3, and Er2O3 were added to a 50 mL two‐neck round‐
bottom flask containing 2 mL of CF3COOH and 3 mL of double‐deionized water. Then the flask
was immersed in a sand bath at 65 °C with vigorous stirring to dissolve rare‐earth oxides. After
12 h of heating under air reaction was stopped; a colorless, optically transparent solution was
obtained. Then 3 mL of CF2ClCOOH was added to the same solution and stirred under air for a

19
few minutes. Solvent evaporation method is similar to that used in section 2.2.2 was used to
crystallize the precursors.
2.2.5. One-step thermolysis.
A mixture of organic solvents (differ from reaction to reaction) was added to the flask
containing the trihaloacetate precursor mixture; the total volume was ≈25 mL. Then, the flask was
immersed in a sand bath and heated to 115 °C under vacuum (≈2 mTorr); vigorous magnetic
stirring was employed throughout. This step was performed to degas the reaction mixture. After 1
h at 115 °C, a clear solution was obtained, and the atmosphere was switched back to nitrogen. This
step was performed to remove the air and water in the organic solvent mixture. A thermocouple
was placed inside the flask in direct contact with the solution, and the temperature was increased
to a targeted temperature (referred to as reaction temperature). After a pre-determined time period
(referred to as reaction time), the flask was removed from the sand bath and quenched to room
temperature using a stream of air. Er:Yb:MFX (M = Sr and Ba; X = Cl and Br) colloidal
nanocrystals were thus obtained. Nanocrystals were isolated by adding 50 mL of EtOH (200 proof)
and centrifuging at 8000 rpm for 10 min. The resulting precipitate was resuspended using 5 mL of
toluene, reprecipitated using 7 mL of EtOH and 2 mL of MeOH, centrifuged at 8000 rpm for 10
min, and dried in vacuum at room temperature.
2.2.6. Two-step thermolysis.
In the first step, Er:Yb:MF2 nanocrystals were synthesized. A mixture of organic solvents
(differ from reaction to reaction) was added to the flask containing the metal trifluoroacetate
precursor mixture; the total volume was ≈25 mL. Then, the flask was immersed in a sand bath
and heated to 115 °C under vacuum (≈2 mTorr); vigorous magnetic stirring was employed
throughout. After 1 h at 115 °C, a clear solution was obtained, and the atmosphere was switched
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back to nitrogen. A thermocouple was placed inside the flask in direct contact with the solution
and the temperature was increased to a targeted temperature (referred to as MF2 (M = Sr and Ba)
formation temperature). After a pre-determined time period (referred to as MF2 formation time),
the flask was removed from the sand bath and quenched to room temperature using a stream of
air. Er:Yb:MF2 colloidal nanocrystals were thus obtained.
In the second step, CX3COOH (1 mmol) was weighed inside a glove box and transferred
to the flask containing the Er:Yb:MF2 colloidal nanocrystals. CX3COOH was dissolved at room
temperature with the aid of magnetic stirring. Then, the flask was immersed in a sand bath and
heated to 115 °C under vacuum (≈2 mTorr); magnetic stirring was employed throughout. After 45
min at 115 °C, the atmosphere was switched back to nitrogen, and a thermocouple was placed
inside the flask in direct contact with the solution. The temperature was increased to a targeted
(referred to as MFX formation temperature) and kept constant for a pre-determined time period
(referred to as MFX formation time). The flask was then removed from the sand bath and quenched
to room temperature using a stream of air. Light yellow and dark yellow turbid solutions were
obtained for Er:Yb:MFX. Nanocrystal isolation procedure is similar to that was described in
section 2.2.4.
2.2.7. Hot-injection synthesis.
In the first step, 5 mL of the organic solvent mixture was added to the flask containing the
difluorochloroacetate precursor (hereafter referred to as flask A) and connected to the vacuum line
via a condenser. Then, the rest of the solvent mixture was added to a 100 mL three-neck flask
(referred to as flask B) and connected to the vacuum line via a condenser. Then, both flasks were
immersed in sand baths and heated to 115 °C under vacuum (≈2 mTorr), vigorous magnetic stirring
was employed throughout. After 45 min, the atmosphere of the flask B was switched back to
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nitrogen, and a thermocouple was placed inside the flask in direct contact with the solution. The
temperature of the solution in flask B was increased to a temperature, which was 3 °C above the
targeted reaction temperature (referred to as set temperature). When the temperature of the flask
B reached the set temperature, the atmosphere in flask A was switched back to the nitrogen. Then
the precursor containing solvent in flask A was swiftly injected to flask B using a plastic syringe
and a stainless-steel needle. Right after the injection, the temperature was dropped and reached
back to reaction temperature within 3-4 min. Once the temperature approaches targeted reaction
temperature, it was maintained for a specific time (referred to as reaction time). Then, the flask
was removed from the sand bath and quenched to room temperature using a stream of air.
Nanocrystal isolation procedure is similar to that was described in section 2.2.4.
2.3. Analytical characterization techniques.
2.3.1. X-ray diffraction.
2.3.1.1. Powder X-ray diffraction (PXRD).
PXRD is the very first characterization techniques that performed to investigate the phase
purity of synthesized samples. The major chemical-physical basis for the X-ray diffraction is the
diffraction of X-rays by the crystalline lattices.76 PXRDs were collected using a Bruker D2 Phaser
diffractometer operated at 30 kV and 10 mA. Cu Kα radiation (λ = 1.5418 Å) was employed. A
nickel filter was utilized to remove Cu Kβ. Diffractograms were collected in the 10−60° 2θ range
using a step size of 0.025° and a step time of 0.5 s. Diffraction patterns were recorded at room
temperature.
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2.3.1.2. Synchrotron X-ray total scattering.
X-ray total scattering data were collected at the 11−ID−B beamline of the Advanced
Photon Source at Argonne National Laboratory. Powder samples were loaded in Kapton tubes and
scattering data in transmission mode at room temperature.
Powder samples were loaded in Kapton tubes and scattering data in transmission mode at
room temperature.
2.3.1.3. Rietveld analysis.
Average crystal structure of the Er:Yb:MFX UCNCs were probed using Rietveld analysis
by employing the X-ray diffraction patterns collected at the synchrotron. Rietveld analysis was
carried out using the GSAS software with the EXPGUI interface.77,78 Experimental data and
atomic X-ray scattering factors were corrected for sample absorption and anomalous scattering,
respectively. The average crystal structure of Er:Yb:MFX (M = Sr and Ba; X = Cl and Br)
nanocrystals was refined using the tetragonal P4/nmm space group. The occupancy of the metal
site was fixed according to the Er:Yb:M (M = Sr and Ba) ratios obtained via ICP−MS analyses.
The following parameters were refined: (1) scale factor, (2) background, which was modeled using
a shifted Chebyschev polynomial function, (3) peak shape, which was modeled using a modified
Thompson−Cox−Hasting pseudo-Voight function,79 (4) lattice constants (a and c), (5) fractional
atomic coordinates of the metal (zM) and heavy halogen (zX) atoms, and (6) an isotropic
displacement parameter for each of the atoms in the structure (UM, UF, UX).
2.3.1.4. Pair distribution function analysis.
Local crystal structure of Er:Yb:MFX UCNCs were probed using pair distribution function
analysis by employing X-ray diffraction patterns collected at the synchrotron. Sample specific
details will be given in the corresponding chapters.
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2.3.1.5. X-ray absorption spectroscopy (XAS).
In XAS absorption of x-rays by an atom at the core level and above was used as the major
physical-chemical basis. When the photon has sufficient energy, it excites a core electron from an
atom with the creation of a photoelectron. This information was used to perform the X-ray
absorption near edge structure (XANES). Extended X-ray absorption fine structure (EXAFS)
refers to the oscillatory behavior (scattering of photoelectrons by the neighboring atoms) of the
absorption coefficient above the edge.80 XANES and EXAFS spectra were collected at the
20−BM−B line of the Advanced Photon Source at Argonne National Laboratory. These techniques
were used to probe the local atomic environment around the metal center.
2.3.2. Transmission electron microscopy imaging (TEM).
The interaction between high-energy electrons and the mater is the major physicalchemical basis employed in the TEM imaging technique. In this technique the high-energy
electrons that pass through a thin specimen was used to create an image of the corresponding
sample.81 TEM images were obtained using a JEOL JEM2010F (JEOL Ltd.) electron microscope
operated at 200 kV. Nanocrystals were dispersed in methanol and sonicated for 30 min. Then, a
drop of the resulting suspension was deposited on a 200 mesh Cu grid coated with a Lacey carbon
film (Ted Pella Inc.).
−MS).
2.3.3. Inductively coupled plasma mass spectrometry (ICP−
This technique was known as a method to identify the metals and several non-metals at ppm
level. In ICP-MS, injected samples were ionized to atomic and small polyatomic ions by plasma
and then they were detected.82 Elemental analyses of Er, Yb, and M (M = Sr and Ba) in Er:Yb:MFX
nanocrystals were carried out using a 7700 Series ICP−MS (Agilent Technologies).
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2.3.4. Thermogravimetry.
Temperature-dependent changes in the mass of the powder samples were analyzed using
thermogravimetric techniques. Thermogravimetric and differential thermal analyses were
conducted using an SDTQ600 TGA−DTA analyzer (TA Instruments).
2.3.5. Room temperature spectrofluorometry.
Spectrofluorometric analyses were conducted using a Fluorolog 3−222 fluorometer
(Horiba Scientific). A PSU−III−LED (Opto Engine, LLC) continuous-wave 980 nm laser was
employed as the excitation source. Upconversion luminescence of Er:Yb:MFX nanocrystals was
probed in front-face geometry. Steady-state spectra were collected between 400 and 750 nm using
a slit width of 1 nm. Time-dependent spectra were collected by operating the laser in pulsed-mode.
All spectra were acquired at room temperature using an excitation power density of ‐1.6 W cm−2
unless indicated otherwise.
2.3.6. Variable temperature spectrofluorometry.
Spectrofluorometric analyses were carried out using a Fluorolog 3−222 fluorometer (Horiba
Scientific). A PSU−III−LED 980 nm laser (Opto Engine, LLC) was employed as the excitation
source (power density ≈1.6 W cm−2). The laser was operated in continuous-wave and pulsed modes
for collection of steady-state spectra and luminescence decays, respectively. For the latter,
repetition rates were adjusted to span time intervals of at least ten lifetimes. Temperaturedependent luminescence spectra and decays were collected for 5% (w/w) Er:Yb:MFX/BaSO4
mixtures, which were prepared inside a nitrogen-filled glove box (BaSO4, 99.9%, Sigma Aldrich).
These mixtures were loaded into a VPF−800 variable-temperature stage (Janis Research Company,
LLC). The stage was equipped with a custom-made sample holder consisting of a copper block
with a 12 mm diameter by 0.8 mm deep sample cavity. Powder samples were held in place by a
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fluorescence-free UV grade fused silica window secured by a stainless steel retainer and four
spring-loaded screws. A Lake Shore 335−3060 controller (Lake Shore Cryotronics, Inc.) and a
thermocouple directly connected to the copper holder provided temperature readings with a ±0.2
K accuracy. Once loaded in the variable-temperature stage, samples were degassed by heating at
400 K (127 °C) for 2 h under vacuum (<1 mTorr). Then, they were cooled to 77 K. Emission
spectra and luminescence decays were collected in the 100–450 K temperature range at 25 K
intervals. A heating rate of 5 K min−1 was employed. Samples were allowed to dwell for ≈10 min
at the target temperature prior to data collection.
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Color tunability in chemically and structurally flexible Er:Yb:SrFX (X = Cl,
Br) upconverting nanocrystals.
The bulk of this chapter was reproduced from Dissanayake, K.T. and Rabuffetti, F.A. “Infraredto-Visible Upconversion Luminescence in Er:Yb:SrFBr Nanocrystals”. Journal of Materials
Chemistry C 2016, 4, 2447–2451 and Dissanayake, K.T. and Rabuffetti, F.A. “Multicolor
Emission in Chemically and Structurally Tunable Er:Yb:SrFX (X = Cl, Br) Upconverting
Nanocrystals”. Chemistry of Materials 2018, 30, 2453–2462 with permission. All rights to the
work are retained with the authors.
3.1. Introduction.
3.1.1. Goals and strategies.
As mentioned in Chapter 1, one of our first goals is to develop and optimize a colloidal
synthetic route to produce Er:Yb:SrFX (X = Cl and Br). To this end, Er:Yb:SrFX (X = Cl and Br)
UCNCs should exhibit: (i) chemical purity, (ii) uniform shape, (iii) narrow size distribution, (iv)
emission in the visible region.
The previous methods reported for the synthesis of rare-earth-doped alkaline-earth
fluorohalides involved hydrothermal and mechanochemical synthetic routes.64,83,84 Therefore,
there is a need to develop a colloidal synthetic route. However, the colloidal synthetic routes to
develop rare-earth-doped NaYF4 upconverting nanocrystal systems were well-reported in
literature. Most of these synthetic routes were carried out by employing metal trifluoroacetate
precursors as their monomers. Then these metal trifluoroacetate precursors were decomposed at
higher temperatures in the presence of high boiling point organic solvents such as oleic acid, 1octadecene, and oleylamine.
Based on the reported research articles, we explored two new colloidal synthetic routes to
produce Er:Yb:SrFX (X = Cl and Br) nanocrystals. In both of these synthetic routes, trifluoroacetic
(CF3COOH) acid and trihaloacetic acid (CX3COOH; X = Cl and Br) were used as the fluorinating
and halogenating agents, respectively. The detailed procedures for the one-step thermolysis and
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two-step thermolysis routes were demonstrated in Chapter 2. However, for the sake of clarity
comparison of the two methods is depicted as a flow chart in Figure 3.1. One-step thermolysis is
the first synthetic route developed to produce Er:Yb:SrFX (X = Cl and Br) UCNCs. In the onestep thermolysis, a mixture of metal trihaloacetates was decomposed at higher temperatures in the
presence of high boiling point organic solvents to produce Er:Yb:SrFX UCNCs. To this end, we
systematically identified four major experimental parameters that affect the phase purity and
morphology of the final product. The four parameters are metal precursor concentration, reaction
temperature, reaction time, and nature of the organic solvent system. Therefore, we performed a
series of reactions by varying these experimental parameters to obtain phase pure SrFX (X = Cl
and Br) with well-defined size and shape.
However, one-step thermolysis route always produced larger UCNCs (>500 nm). Hence, the
second novel synthetic route, called the two-step thermolysis, was explored to produce
Er:Yb:SrFX (X = Cl and Br) UCNCs (Figure 3.1). In the two-step thermolysis route, first
Er:Yb:SrF2 was accomplished via decomposing metal trifluoroacetate precursors. In the second
step, Er:Yb:SrFX was produced by thermally decomposing trichloroacetic acid (CCl3COOH) or
tribromoacetic acid (CBr3COOH). Similar to one-step thermolysis, there are various reaction
parameters that affect the phase purity and the morphology of the final product. Theses parameters
include metal precursor concentration, SrF2 formation temperature, SrFX formation temperature,
SrF2 formation time, SrFX formation time, and the nature of the solvent system. Unlike one-step
thermolysis, after numerous attempts, we successfully produced smaller (diameter <60 nm)
dispersed Er:Yb:SrFX (X = Cl and Br) UCNCs. This work was first published as a communication
in the Journal of Materials Chemistry C.85
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One-step thermolysis

Two-step thermolysis

SrCO3 + Yb2O3 + Er2O3

SrCO3 + Yb2O3 + Er2O3

CF3COOH + CX3COOH
(X = Cl and Br)

CF3COOH
H2O

H2O
65 °C/N2

65 °C/N2

48 h

48 h

Metal trihaloacetate
precursors
Organic
solvents

Metal trifluoroacetate
precursors

250–300 °C/N2

250 °C/N2

1h

1h

Er:Yb:SrFX (X = Cl and
Br) UCNCs

Organic
solvents

Er:Yb:SrF2 UCNCs in
solution
225 or 250 °C/N2

CX3COOH

30 min

(X = Cl and Br)

Er:Yb:SrFX (X = Cl and
Br) UCNCs
Figure 3.1. Schematic representation of the synthesis of Er:Yb:SrFX (X = Cl and Br) using oneand two-step thermolysis routes.
After optimizing the reaction conditions, two series of Er:Yb:SrFCl nanocrystals and two series
of Er:Yb:SrFBr nanocrystals were synthesized by varying rare-earth concentration at two different
temperatures. These were used to analyze the effect of rare-earth concentration and host’s
composition on the structural and luminescence properties of these materials. This work was
published as an article in Chemistry of Materials.86 In this work, we demonstrate that utilizing
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chemically flexible hosts for Er3+−Yb3+ activator−sensitizer pairs enables greater synthetic control
over the spectral distribution of the upconverted emission than just relying on the adjustment of
the activator and sensitizer concentrations in a rigid host platform.
Next, the emphasis was placed on quantitatively probing chemical and structural features
directly involved in energy-transfer processes relevant for light upconversion, such as activator
and sensitizer concentrations and nanocrystal’s structural coherence in the short range (<25 Å).
The dependence of the spectral distribution and lifetimes of the excited states of the Er3+ activator
on the host’s composition and rare-earth concentration was established for each group of emitters.
Our findings are discussed in the perspective of screening chemically and structurally flexible host
materials whose potential as hosts for upconverting activator−sensitizer pairs has not yet been
realized.
3.1.2. Chapter organization.
This chapter is organized as follows: In the Experimental section, colloidal synthetic
procedures (one-step and two-step thermolysis) employed for the synthesis of Er:Yb:SrFCl and
Er:Yb:SrFBr are described. Then the standard procedures employed for the chemical, structural,
morphological, and luminescence characterizations are described. This includes powder X-ray
diffraction, Rietveld and pair distribution function analyses using synchrotron total scattering data,
X-ray absorption spectroscopy, transmission electron microscopy imaging, inductively coupled
plasma-mass spectrometry, and spectrofluorometric techniques.
In the Results and discussion section, the results from chemical, morphological, and
luminescence characterization techniques are analyzed at three levels: first as a function of
synthesized temperature, second as a function of rare-earth concentration, and third as a function
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of host’s chemical composition. For the structural characterization techniques, obtained results are
compared only as a function of the host’s chemical composition.
Finally, in the Conclusion section, significant observations/findings are discussed. Also, the
suggestions for future research are addressed.
3.2. Experimental.
3.2.1. Syntheses.
3.2.1.1. Materials.
All experiments were carried out under nitrogen atmosphere using standard Schlenk
techniques. Er2O3 (99.99%), Yb2O3 (99.9%), SrCO3 (99.9%), BaCO3 (99.98%) anhydrous
CF3COOH (99%), CCl3COOH (99%), CBr3COOH (99%), oleic acid (OA, 90%), 1-octadecene
(ODE, 90%), and oleylamine (OME, 70 %) were used as reagents. All chemicals were purchased
from Sigma Aldrich and used without further purification. CCl3COOH and CBr3COOH were
stored and handled in a nitrogen-filled glove box (oxygen and water levels below 1 ppm).
CF3COOH was stored in storage flasks under a nitrogen atmosphere.
3.2.1.2. Synthesis of metal trihaloacetate precursors.
Metal trihaloacetate precursors were prepared according to the procedure mentioned in
Chapter 2, section 2.2.2.
3.2.1.3. Synthesis of metal trifluoroacetate precursors.
Synthesis of metal trifluoroacetate precursors was carried out according to the procedure
demonstrated in Chapter 2, section 2.2.3.
3.2.1.4. One-step thermolysis to Er:Yb:SrFX nanocrystals.
The procedure for the one-step thermolysis was described in Chapter 2, section 2.2.5.
Total metal concentration and Yb:Er ratio were maintained at 2 mmol and 9:1, respectively for
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performed reaction trials. Off‐white polycrystalline powders consisting of Er:Yb:SrFCl and
Er:Yb:SrFBr nanocrystals were obtained with yields of 40–60%, respectively. These powders were
employed for chemical and morphological analyses.
3.2.1.5. Two-step thermolysis to Er:Yb:SrFX nanocrystals.
The detailed steps for the two-step synthesis were demonstrated in Chapter 2, section
2.2.6. For the reaction trials mentioned in Table 3.2, total metal concentration and Yb:Er ratio
were maintained at 1 mmol and 9:1, respectively. Off‐white polycrystalline powders consisting
of Er:Yb:SrFCl and Er:Yb:SrFBr nanocrystals were obtained with yields of ‐55–65% and 45–
55%, respectively. These powders were employed for chemical, morphological, structural, and
luminescence analyses.
To analyze the effect of rare-earth concentration and the chemical composition of the host
on the chemical, structural, and luminescence properties for two series of Er:Yb:SrFCl and two
series of Er:Yb:SrFBr nanocrystals were synthesized at two different reaction temperatures (225
and 250 °C) using optimized reaction parameters. The reaction parameters are 250 °C as SrF2
formation temperature, 225 or 250 °C as SrFX formation temperature, 60 minutes as SrF2
formation time, 30 minutes as SrFX formation time, 1 mmol as total metal concentration, and oleic
acid:octadecene (1:1 mol. %) as solvent system. Er, Yb, and Sr metal concentrations employed
were mentioned in section 3.3.3.
3.2.1.6. Chemical, structural, morphological, and luminescence characterization.
3.2.1.6.1. X-ray diffraction.
3.2.1.6.1.1. Powder X-ray diffraction (PXRD).
PXRDs were collected according to the procedure described in Chapter 2, section 2.3.1.1.
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3.2.1.6.1.2. Synchrotron X-ray total scattering.
Er:Yb:SrFCl (nominal total rare-earth concentration: 6.67 mol. %) and Er:Yb:SrFBr
nanocrystals (nominal total rare-earth concentration: 16.7 mol. %) synthesized at 250 °C were
analyzed. Please see Chapter 2 section 2.3.1.2 for more details.
3.2.1.6.1.3. Rietveld analysis.
Rietveld analysis was performed for the Er:Yb:SrFCl and Er:Yb:SrFBr samples with
Er:Yb:Sr ratio of 0.0039:0.0328:0.9633 and 0.0007:0.0027:0.9966, respectively. More details can
be found in Chapter 2 section 2.3.1.3.
3.2.1.6.1.4. Pair distribution function analysis (PDF).
PDF G(r) was employed for structural analysis. PDF analysis was performed on the same
samples that were used for Rietveld analysis (section 3.2.1.6.1.3) were used to perform PDF
analysis. The RAD software was employed to extract G(r) from the raw scattering data.87 These
were first corrected for background, sample absorption, and Compton scattering. Normalized
structure functions S(Q) were then obtained. Finally, S(Q) functions were Fourier-transformed to
yield G(r). A Qmax of 22 Å−1 was employed in the Fourier transform. Structural refinements were
carried out using the PDFgui software.88 The local structure of Er:Yb:SrFX nanocrystals was
refined using the tetragonal P4/nmm space group. Fit of this structural model to the experimental
PDF was performed in the 1.5−24 Å interatomic distance range. Similar to what was done in
Rietveld analysis, the occupancy of the metal site was fixed according to the Er:Yb:Sr ratios
provided by ICP−MS. The following parameters were refined: (1) scale factor, (2) lattice constants
(a and c), (3) fractional atomic coordinates of the metal (zM) and heavy halogen (zX) atoms, and
(4) an isotropic displacement parameter for each of the atoms in the structure (UM, UF, UX).
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3.2.1.6.1.5. X-ray absorption spectroscopy (XAS).
The incident X-ray beam was monochromatized using a Si(111) double crystal. A
harmonic rejection mirror was used to eliminate higher harmonics, and the beam intensity was
detuned to further reduce any residual harmonics. Measurements at the Sr K (16104 eV) edge were
performed for Er:Yb:SrFCl and Er:Yb:SrFBr nanocrystals employed in X-ray total scattering
experiments. Bulk SrF2 (99.99%, Sigma Aldrich) was measured as a reference. Sr K edge spectra
were collected between 15950 and 16550 eV in transmission mode. XANES spectra were
normalized by subtracting the pre-edge and applying an edge-jump normalization using the Athena
software.
Normalized EXAFS spectra χ(k) of Er:Yb:SrFCl and Er:Yb:SrFBr nanocrystals were
extracted from the raw X-ray absorption data using the Athena software. EXAFS analyses were
performed on the Fourier-transform of k1-weighted χ(k). Fourier transforms were computed in the
2.5−9.5 Å−1 and 3−9.5 Å−1 k ranges for Er:Yb:SrFCl and Er:Yb:SrFBr, respectively. In both cases,
a Hanning window with dk = 0.1 Å−1 was used. Fits of χ(r) were carried out using the Artemis
software89 in the 1.3−5.0 Å and 1.3−5.3 Å r ranges for Er:Yb:SrFCl and Er:Yb:SrFBr, respectively.
A two-shell, single-scattering model was employed to fit χ(r). Backscatterer atoms included

Figure 3.2. Crystal structure of alkaline-earth fluorohalides MFX (M = Ca, Sr, Ba; X = Cl, Br, I).
Four tetragonal unit cells are shown. M (green), F (orange), X (red), and Xc atoms defining the
MF4X5 polyhedron are indicated.
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strontium (M′ and M′′), fluorine (F and F′), and chlorine or bromine (X, Xc, and Xc′), as depicted
in Figure 3.2. Structural models extracted from Rietveld analyses were used as a starting point.
These models were fit to χ(r) by refining (1) the amplitude reduction factor S02, (2) the threshold
energy shift ∆E0, (3) fractional atomic coordinates of the metal (zM) and heavy halogen (zX)
atoms, and (4) Debye–Waller factors (σ2) for metal, fluorine, and heavy halogen atoms.
Backscatterer numbers (N) were fixed at the values obtained from Rietveld analyses (N = 4 for M′,
M′′, F, and X; N = 8 for F′; N = 1 for Xc and Xc′).
3.2.1.6.2. Transmission electron imaging (TEM).
Nanocrystal size distribution histograms were obtained by counting 300 nanocrystals. For
irregularly shaped nanocrystals, size distributions were estimated under the assumption of a
spherical shape. Sample preparation was carried out according to Chapter 2, section 2.3.2.
3.2.1.6.3. Inductively coupled plasma mass spectrometry (ICP-MS).
3−4 mg of powder were dissolved in 20 mL of aqua regia at room temperature. Erbium
(998 ± 4 µg mL−1, Fluka), ytterbium (1000 µg mL−1, High Purity Standards), and strontium (1000
± 2 mg L−1, Fluka) in 2% HNO3 were used as standards.
3.2.1.6.4. Spectrofluorometry.
Please see Chapter 2 section 2.3.5 for more details.
3.3. Results and discussion.
3.3.1. Morphology optimization using one-step thermolysis.
The first series of experiments were performed at varying temperatures, such as 225, 250, 275,
and 300 °C. In these reaction systems oleic acid:1-octadecene 1:1 (mol. %) was employed as the
solvent system while maintaining reaction time and total metal concentration at 60 minutes and 2
mmol, respectively. As illustrated in Table 3.1, phase pure Er:Yb:SrFX (X = Cl and Br) were
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achieved only when the reaction temperature was maintained at 250 °C or above. Below 250 °C,
hydrated products of SrCl2 and SrBr2 were obtained. The powder X-ray diffraction patterns
corresponding to the SrCl2.H2O and Er:Yb:SrFX (X = Cl and Br) nanocrystals synthesized >250
°C are shown in Figure 3.3. TEM imaging was performed to analyze the morphology of
Er:Yb:SrFX (X = Cl and Br) UCNCs synthesized >250 °C, and are shown in Table 3.1 with the
corresponding reaction parameters. For Er:Yb:SrFBr nanocrystals at all three temperatures, a
mixture of rods and cubes (diameter >500 nm) were obtained (Table 3.1). For Er:Yb:SrFCl
nanocrystals at 250 and 300 °C agglomerated particles were observed, and at 275 °C irregular
shaped larger particles (≈500 nm) were observed (Table 3.1). After performing reactions at
varying temperatures, 275 °C was selected as the reaction temperature to further optimize the
reaction parameters for both Er:Yb:SrFCl and Er:Yb:SrFBr nanocrystal system. Next, two
reactions for Er:Yb:SrFCl and two reactions for Er:Yb:SrFBr were performed at varying reaction
times: 15 and 180 min. When the reaction was performed only for 15 min, both nanocrystal
systems produced a mixture of SrF2 and SrFX (X = Cl and Br) (major phase was SrF2) phases.
When reactions were performed for 180 min, both systems produced phase pure SrFX (X = Cl and
Br), but agglomerated particles were observed when analyzed under the transmission electron
microscope. All these reactions demonstrate that the one-step thermolysis ended up producing
nanocrystals larger than or similar to 500 nm. Therefore, two-step thermolysis was performed to
produce Er:Yb:SrFX (X = Cl and Br) UCNCs.
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2

OA:ODE
1:1

SrCl2⸱ H2O
SrBr2⸱ 6H2
O

250

60

2

OA:ODE
1:1

SrFX

275

60

2

OA:ODE
1:1

SrFX

300

60

2

OA:ODE
1:1

SrFX

275

15

2

275

180

2

Phase purity

60

Solvent system

Reaction time (min)

225

Total metal
concentration (mmol)

Reaction temperature
(̊C)

Table 3.1. Reaction parameters, phase purity, and morphology of Er:Yb:SrFX nanocrystals via
one-step thermolysis.

Morphology

Er:Yb:SrFBr

OA:ODE
1:1
OA:ODE
1:1

Er:Yb:SrFCl

Not performed

SrF2+SrFX

Not performed

SrFX

Agglomerated product
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* SrCl2‐H2O

Figure 3.3. PXRD patterns of SrCl2.H2O (left) and SrFX (X = Cl and Br) (right).
3.3.2. Morphology optimization using the two-step thermolysis.
Several attempts were employed to produce Er:Yb:SrFCl and Er:Yb:SrFBr upconverting
nanocrystals with defined size and shape. These attempts are listed in Table 3.2. The major
experimental parameters such as SrF2 formation temperature, SrFX formation temperature, SrF2
formation time, SrFX formation time, total metal concentration, and solvent system are mentioned
for each reaction system. As elaborated in Table 3.2, first we have performed a series of reaction
by varying SrF2 formation temperature from 300–250 °C and SrFX formation temperature from
175–250 °C while keeping all the other reaction parameters constant. These reaction trials resulted
that only when the formation temperature of SrF2 was maintained at 250 °C and when SrFX
formation temperature was maintained at 225 or 250 °C phase pure SrFX nanocrystals were
obtained. Corresponding PXRD patterns and TEM images are shown in Figure 3.4. In all the other
reaction trials, a mixture of SrF2 and SrFX phases were obtained.
Then series of reactions were performed by varying the nature of the solvent system while
maintaining SrF2 formation and SrFX formation temperatures at 250 and 225 °C, respectively.
Different combinations of oleic acid, 1-octadecene, and oleylamine were used to perform these
reactions. The obtained results are tabulated in Table 3.2. When oleylamine was used as a solvent,
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the reaction always ended up producing SrF2 phase. When oleic acid and 1-octadecenene were
used as a solvent system, the reaction always produces phase pure SrFX UCNCs. TEM imaging
was performed to investigate the morphology of Er:Yb:SrFX nanocrystals images for oleic acid:1octadecene 3:1 and 1:3 ratios and compared with the TEM images obtained for 1:1 ratio. Those
TEM images illustrate that there was no significant change in the particle morphology upon the
change in the solvent ratio for oleic acid:1-octadecene solvent system. Up to this end, it is clear
that SrF2 formation temperature should maintain at 250 °C, and this result is independent of other
reaction parameters such as solvent system. To find the origin of this result series of reactions were
performed to synthesize Er:Yb:SrF2 UCNCs at varying temperatures (Table 3.3). As illustrated in
Table 3.3, when the reaction temperature was maintained at >250 °C, phase pure SrF2 was
obtained. Then TEM imaging was performed to analyze the effect of reaction temperature on the
morphology of SrF2 nanoparticles. As illustrated by TEM images shown in Table 3.3, at 250 °C

Figure 3.4. (a−d) PXRD patterns and (e−h) TEM images of Er:Yb:SrFX nanocrystals. reaction
conditions were Er:Yb:SrFCl, 225 °C, Er:Yb:SrFCl, 250 °C, Er:Yb:SrFBr, 225 °C, and
Er:Yb:SrFBr, 250 °C.
partially formed SrF2 particles were obtained, but at all the other temperatures, entirely formed
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SrF2 nanoparticles were obtained. Therefore, our major speculation is that these partially formed
particles work as seeds in initiating the formation of SrFX UCNCs.
Therefore, to investigate the effect of rare-earth concentration and host’s chemical composition
on the chemical, structural, and luminescence properties the SrF2 formation temperature was
maintained at 250 °C and SrFX formation temperature at 250 and 225 °C.

250

60

225
250
275

275

Solvent system

SrFX formation
temperature (̊C)

60
180

Total metal concentration
(mmol)

SrF2 formation time (min)

300

SrFX formation time
(min)

SrF2 formation
temperature (̊C)

Table 3.2. Reaction parameters, phase purity, and morphology of Er:Yb:SrFX nanocrystals
synthesized via two-step thermolysis.

Phase purity

30

1

OA:ODE
1:1

SrF2+SrFX
SrF2+SrFX

Not performed

1

OA:ODE
1:1

SrF2+SrFX
SrF2+SrFX
SrF2+SrFX

Not performed

30

175
250

60

200
225
250

SrF2+SrFX
30

1

OA:ODE
1:1
OA:ODE
3:1
OA:ODE
1:3
Only OME

250

60

225

30

1

OA:OME
1:1
OA:ODE:OME
2:1:1
OA:ODE:OME
1:1:1

SrF2+SrFX
SrFX
SrFX
SrFX
SrFX

Morphology

Not performed
Figures 3.5 and 3.7
Figures 3.6 and 3.8
Similar to UCNCs
obtained for 1:1
ratio

SrF2
SrF2
Not performed
SrF2
SrF2
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Temperature (̊C)

Reaction time
(min)

Total metal
concentration
(mmol)

Solvent system

Phase Purity

Table 3.3. Reaction condition for the formation of SrF2 nanoparticles.

Morphology

225

60

1

OA:ODE 1:1

No product

Not performed

250

60

1

OA:ODE 1:1

SrF2

275

60

1

OA:ODE 1:1

SrF2

300

60

1

OA:ODE 1:1

SrF2

315

60

1

OA:ODE 1:1

SrF2
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3.3.3. Analysis of the effect of rare-earth concentration and the host’s composition on
structural and luminescence properties of Er:Yb:SrFX (X = Cl and Br) UCNCs.
Two series of Er:Yb:SrFCl and two series of Er:Yb:SrFBr nanocrystals were synthesized
at two different reaction temperatures (225 and 250 °C) using metal trifluoroacetates as precursors.
For each series, six reaction mixtures were prepared, each with a total metal content of 1 mmol.
These mixtures featured nominal total rare-earth concentrations (Er:Yb:Sr molar ratios) of 3.33
(0.0033:0.0300:0.9667), 6.67 (0.0067:0.0600:0.9333), 10.0 (0.0100:0.0900:0.9000), 13.3
(0.0130:0.1200:0.8670), 16.7 (0.0170:0.1500:0.8330), and 20.0 mol. % (0.0200:0.1800:0.8000).
In all cases, the nominal erbium concentration was fixed at 10.0% of the total rare-earth
concentration, corresponding to an Er:Yb molar ratio of 1:9.
Representative powder XRD patterns of Er:Yb:SrFX nanocrystals synthesized at 225 and
250 °C are given in Figures 3.5; the corresponding TEM images are shown in Figures 3.6–3.9.
As shown in Figures 3.4, all the diffraction maxima were indexed to the tetragonal P4/nmm space
group of the fluorohalide phase (PDF Nos. 00–024–1192 for SrFCl and 01–076–1287 for SrFBr).
No additional peaks were observed, demonstrating the absence of secondary crystalline phases.
Neither the reaction temperature nor the total rare-earth concentration had an observable effect on
phase purity. TEM imaging was performed to investigate the morphology of Er:Yb:SrFCl
nanocrystals exhibited irregular shape and average sizes in the 12.1–17.8 and 13.0–16.7 nm ranges
for reaction temperatures of 225 and 250 °C, respectively (Figures 3.5–3.6). Numerical values are
given in Table 3.4. Er:Yb:SrFBr nanocrystals were significantly larger: their average sizes were
in the 41.7–52.0 and 45.6–55.3 nm ranges for reaction temperatures of 225 and 250 °C,
respectively (Figures 3.8–3.9). Unlike their fluorochloride counterparts, increasing the
temperature from 225 to 250 °C led to an increase in the average nanocrystal size and to the growth
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of quasispherical crystals. These morphological changes were accompanied by an increase in
crystallinity, as revealed by the narrower diffraction maxima observed for nanocrystals
synthesized at 250 °C. Finally, the total rare-earth concentration had no observable effect on the
morphology of either Er:Yb:SrFCl or Er:Yb:SrFBr nanocrystals.

Figure 3.5. PXRD patterns of (a) Er:Yb:SrFCl nanocrystals synthesized at 225 °C, (b)
Er:Yb:SrFCl nanocrystals synthesized at 250 °C, (c) Er:Yb:SrFBr nanocrystals synthesized at 225
°C, and (d) Er:Yb:SrFBr nanocrystals synthesized at 250 °C. Nominal total rare-earth
concentrations are indicated.

43

Figure 3.6. TEM images of Er:Yb:SrFCl nanocrystals synthesized at 225 °C with nominal total rareearth concentrations 3.33 (a), 6.67 (b), 10.0 (c), 13.3 (d), 16.7 (e), and 20.0 mol. % (f).
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Figure 3.7. TEM images of Er:Yb:SrFCl nanocrystals synthesized at 250 °C with nominal total
rare-earth concentrations 3.33 (a), 6.67 (b), 10.0 (c), 13.3 (d), 16.7 (e), and 20.0 mol. % (f).
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Figure 3.8. TEM images of Er:Yb:SrFBr nanocrystals synthesized at 225 °C with nominal total
rare-earth concentrations 3.33 (a), 6.67 (b), 10.0 (c), 13.3 (d), 16.7 (e), and 20.0 mol. % (f).
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Figure 3.9. TEM images of Er:Yb:SrFBr nanocrystals synthesized at 250 °C with nominal total
rare-earth concentrations 3.33 (a), 6.67 (b), 10.0 (c), 13.3 (d), 16.7 (e), and 20.0 mol. % (f).
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Table 3.4. Size distributions of Er:Yb:SrFX nanocrystals.
Er:Yb:SrFCl
225 °C

Nominal [Er] + [Yb]
(mol. %)

250 °C

Mean Size (nm) Polydispersity (%) Mean Size (nm) Polydispersity (%)

3.33

13.8 ± 2.66

19

16.7 ± 3.71

22

6.67

13.7 ± 2.68

20

15.8 ± 4.16

26

10.0

12.1 ± 3.05

25

15.2 ± 2.71

18

13.3

15.1 ± 2.60

17

13.0 ± 2.87

22

16.7

17.8 ± 4.22

24

13.4 ± 2.66

20

20.0

14.5 ± 3.25

22

14.4 ± 2.87

20

Er:Yb:SrFBr
225 °C

Nominal [Er] + [Yb]
(mol. %)

250 °C

Mean Size (nm) Polydispersity (%) Mean Size (nm) Polydispersity (%)

3.33

42.4 ± 8.48

20

45.6 ± 8.31

18

6.67

49.2 ± 9.50

19

46.6 ± 8.79

19

10.0

41.7 ± 12.6

30

49.7 ± 9.41

19

13.3

49.7 ± 8.36

17

49.9 ± 9.18

18

16.7

52.0 ± 10.5

20

48.4 ± 11.0

23

20.0

49.3 ± 12.7

26

55.3 ± 12.4

22
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The concentrations of ytterbium and erbium in Er:Yb:SrFCl and Er:Yb:SrFBr nanocrystals
were determined using ICP–MS. The experimental total rare-earth ([Er] + [Yb]), ytterbium ([Yb]),
and erbium ([Er]) concentrations are plotted in Figures 3.10a–c (SrFCl) and 3.10d–f (SrFBr) as a
function of their nominal values. Numerical results of the elemental analyses are given in the
Supporting Information (Table 3.5). In the case of Er:Yb:SrFCl, an increase in the total rare-earth
concentration was observed upon increasing the nominal concentration, followed by saturation at
≈5.05 mol. % (Figure 3.10a). Similar trends were observed for the concentrations of ytterbium
(Figure 3.10b) and erbium (Figure 3.10c); for the former the solubility limit appeared at ≈4.50
mol. % and for the latter at ≈0.55 mol. %. The reaction temperature had not observable effect on
the solubility of ytterbium and erbium in the fluorochloride host. Inspection of elemental analysis
results for Er:Yb:SrFBr revealed three main differences with its fluorochloride counterpart. First,
the total rare-earth concentration saturated at ≈0.45 and 0.36 mol. % for nanocrystals synthesized
at 225 and 250 °C, respectively (Figure 3.10d). These values were an order of magnitude smaller
than those observed in SrFCl. Second, the reaction temperature had an effect in the incorporation
of both ytterbium and erbium in the SrFBr host, because higher doping levels were observed at
225 °C (Figures 3.10e and 3.10f). At this temperature, the solubility limit of ytterbium in presence
of erbium appeared at ≈0.34 mol. % and that of erbium in presence of ytterbium was estimated at
≈0.12 mol. %. Finally, a significant dependence of the erbium-to-ytterbium ratio on the
fluorohalide host was observed. This is illustrated in Figure 3.10g, where the experimental erbium
concentration is plotted as the fraction of the total rare-earth concentration in SrFCl and SrFBr.
Erbium represented ≈10–12 % of the total rare-earth content in Er:Yb:SrFCl nanocrystals. This
value was nearly identical to the nominal fraction present in the starting reaction mixture. In
contrast, the fraction of erbium in Er:Yb:SrFBr nanocrystals was found to be in the 19–27 % range,
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significantly higher than the nominal value. This deviation indicated that the incorporation of
erbium was favored in SrFBr. This result was unexpected considering the similar electronic and
geometric requirements of trivalent erbium and ytterbium ions. Unfortunately, we were not aware
of studies of the solubility limits of Er3+ and Yb3+ in bulk SrFCl and SrFBr; thus, we could not
establish how these values are influenced by the reduced size of the crystals.
Table 3.5. ICP−MS elemental analyses of Er:Yb:SrFX nanocrystals.
Er:Yb:SrFCl
Experimental
Nominal
225 °C

250 °C

[Er] + [Yb]

[Yb] /

[Er] + [Yb]

[Yb] /

[Er] /

(mol. %)

[Er]

(mol. %)

[Er]

3.33

9.0

2.74

8.4

0.11

6.67

9.0

3.14

8.6

10.0

9.0

4.57

13.3

9.0

16.7
20.0

[Er] + [Yb] [Yb] /

([Er] + [Yb]) (mol. %)

[Er] /

[Er]

([Er] + [Yb])

2.30

8.8

0.10

0.10

3.67

8.5

0.11

7.8

0.11

4.25

8.6

0.10

5.01

7.5

0.12

4.88

8.3

0.11

9.0

5.05

8.0

0.11

4.85

8.0

0.11

9.0

5.05

8.2

0.11

5.02

8.6

0.10

Er:Yb:SrFBr
Experimental
Nominal
225 °C
[Er] + [Yb]
(mol. %)

[Yb] / [Er] + [Yb]
[Er]

(mol. %)

[Yb] /
[Er]

250 °C
[Er] /

[Er] + [Yb] [Yb] /

([Er] + [Yb]) (mol. %)

[Er]

[Er] /
([Er] + [Yb])
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3.33

9.0

0.161

3.4

0.23

0.135

2.7

0.27

6.67

9.0

0.252

3.9

0.20

0.200

3.0

0.25

10.0

9.0

0.352

3.3

0.23

0.277

4.2

0.19

13.3

9.0

0.372

3.0

0.25

0.323

3.1

0.24

16.7

9.0

0.456

3.0

0.25

0.345

3.7

0.21

20.0

9.0

0.455

2.7

0.27

0.358

3.5

0.22

Figure 3.10. Experimental rare-earth concentrations in Er:Yb:SrFX nanocrystals as a function of
their nominal values. Total ([Er]+[Yb]), ytterbium ([Yb]), and erbium ([Er]) concentrations in
SrFCl (a−c) and SrFBr (d−f) are shown for nanocrystals synthesized at 225 (solid black squares,
) and 250 °C (hollow blue squares, ). Dashed lines indicate estimated solubility limits. The
fraction of erbium ([Er]/([Er]+[Yb])) in each series of nanocrystals is shown in (g) as a range plot.
Average values are depicted with the symbol.
The atomic structure of Er:Yb:SrFCl and Er:Yb:SrFBr nanocrystals was probed at three
levels: average crystal structure (long range), local crystal structure (intermediate range), and
atomic environment of the strontium atoms (short range). Emphasis was placed on identifying the
short-range (<25 Å) atomic arrangement in these nanocrystals due to its relevance for
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and

activator−activator

energy-transfer

pathways

governing
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upconversion. Results of these analyses are summarized in Figure 3.11 and Table 3.6. The
average crystal structure was probed using Rietveld analysis of synchrotron X-ray diffraction
patterns. Fits of the crystallographic models of bulk SrFCl and SrFBr to the patterns of
Er:Yb:SrFCl and Er:Yb:SrFBr nanocrystals are depicted in Figures 3.11a and b. Inspection of
difference curves and Rwp residual values demonstrated that the average crystal structure of the
nanocrystals was adequately described by bulk-type models. The relative magnitudes of M–F, M–
X, and M–Xc distances (Table 3.6) showed that the first coordination shell of the metal center in
SrFCl followed a 4 + 1 + 4 pattern (M–F < M–Xc < M–X), with the apical chloride being slightly
closer to the metal center than the other four chloride ions. In the case of SrFBr, the distribution
of the halide ligands around the metal center followed a 4 + 4 + 1 pattern (M–F < M–X < M–Xc).
Further inspection of the difference curves and Rwp residual values of Rietveld refinements
suggested that deviations from the average bulk-type crystal structure were larger in Er:Yb:SrFCl
than in Er:Yb:SrFBr nanocrystals. Interrogation of their local crystal structure using PDF analysis
of synchrotron X-ray total scattering data confirmed this finding. Fits of the bulk crystallographic
models to the PDFs of Er:Yb:SrFCl and Er:Yb:SrFBr nanocrystals in the 1.5−24 Å interatomic
distance range are shown in Figures 3.11c and d. Inspection of the difference curves and Rw
residual values indicated that the bulk-type crystallographic model provided a much better fit to
the experimental PDF of Er:Yb:SrFBr nanocrystals (Rw = 7.5%) than to that of Er:Yb:SrFCl
nanocrystals (Rw = 16.5%). This implied that both the average and local crystal structure of
Er:Yb:SrFBr were adequately described by a bulk-type model. The local crystal structure of
Er:Yb:SrFCl, on the other hand, deviated from that observed in bulk SrFCl. Interrogation of the
local atomic environment of strontium using Sr K edge XANES and EXAFS confirmed this

52
finding. XANES spectra of Er:Yb:SrFCl and Er:Yb:SrFBr nanocrystals are shown in Figure
3.11e; the spectrum of commercially available, bulk SrF2 is included for reference. The strontium
absorption edge shifted to lower energies upon going from SrF2 to SrFX. This observation was
consistent with an increase in the covalency of the bonds formed between strontium and halide

Figure 3.11. Structural analysis of Er:Yb:SrFCl (nominal total rare-earth concentration: 6.67 mol.
%) and Er:Yb:SrFBr nanocrystals (nominal total rare-earth concentration: 16.7 mol. %)
synthesized at 250 °C. (a, b) Rietveld fits of the powder XRD patterns. Experimental (hollow black
circles) and calculated patterns (solid red line) are shown along with difference curves (solid blue
line) and tick marks corresponding to the fluorohalide phase (vertical green bars). (c, d) Fits of the
PDFs in the 1.5−24 Å range. Experimental (hollow black circles) and calculated PDFs (solid red
line) are shown along with difference curves (solid blue line). (e) K edge XANES spectra of
strontium atoms in bulk SrF2 and Er:Yb:SrFX nanocrystals. The inset shows the compositiondependent shift of the absorption edge. (f, g) Fits of the Fourier-transform of the EXAFS spectra
in the 1.3−5.0 (Er:Yb:SrFCl) and 1.3−5.3 Å (Er:Yb:SrFBr) ranges. Experimental (hollow black
circles) and calculated radial functions (solid black line) are shown. Fitted ranges are indicated
with vertical dashed lines.
ligands belonging to the first coordination shell. Partially replacing fluorine for chloride or
bromide led to a decrease in the ionic charge on the strontium atom, thus shifting the absorption
edge to lower energies.90 The local atomic environment of strontium was quantitatively probed
using EXAFS analyses. Fits to χ(r) in the 1.3−5.0 and 1.3−5.3 Å r ranges are shown in Figures
3.11f and g for Er:Yb:SrFCl and Er:Yb:SrFBr, respectively. Refined atomic coordinates and
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Debye-Waller factors, as well as metal−halide distances in the first coordination shell are given in
Table 3.6. The corresponding k1-weighted χ(k) functions and values for Debye-Waller factors and
interatomic distances can be found in Figures 3.12a and b and Table 3.7.
Table 3.6. Structural parameters of Er:Yb:SrFX nanocrystals.
Er:Yb:SrFCl
Rietveld

PDFe

a (Å)

4.1227(6)

c (Å)
V (Å3)
zMa

Er:Yb:SrFBr
Rietveld

PDFe

4.126(3)

4.2121(3)

4.213(2)

6.9983(15)

6.987(7)

7.3870(9)

7.386(9)

118.95(5)

119.0(2)

131.06(3)

131.1(2)

0.20107(15) 0.2020(9)

zX

0.6437(4)

0.644(3)

UMb

0.65(3)

1.49(13)

UFb, σ2Fc

0.90(14)

5.2(1.3)

UXb, σ2Xc

1.40(6)

M−F (Å)

EXAFSf

EXAFSf

0.204(5)

0.18542(14) 0.1869(14)

0.184(1)

0.639(13)

0.64838(16) 0.6500(17)

0.648(5)

0.65(3)

1.42(2)

0.014(5)

1.72(14)

4.26(1.4)

0.012(2)

3.1(4)

0.018(5)

1.28(3)

1.9(2)

0.016(3)

2.4958(7)

2.500(5)

2.506(19)

2.5123(6)

2.519(8)

2.507(4)

M−X (Å)

3.1110(11)

3.110(11)

3.12(3)

3.2215(7)

3.213(11)

3.226(14)

M−Xc (Å)

3.098(4)

3.09(3)

3.05(9)

3.4199(17)

3.42(3)

3.43(4)

2.09

2.09

2.09

2.12

2.12

2.12

Rwp = 3.1

Rw = 16.5

R = 4.9

Rwp = 2.8

Rw = 7.5

R = 1.8

Bond valence
sumd
Residual (%)
a

Er:Yb:Sr ratios of 0.0039:0.0328:0.9633 (SrFCl) and 0.0007:0.0027:0.9966 (SrFBr) were
used in Rietveld and PDF analyses. b Given as 100 × U.
c
U values are given for Rietveld and PDF analyses. σ2 values are given for EXAFS analyses.
d
Bond valence parameters: B = 0.37 Å; Ro = 2.019 (Sr−F), 2.51 (Sr−Cl), and 2.68 Å (Sr−Br).
e
Fits in the 1.5−24 Å range.f Starting structural models were derived from Rietveld analyses.
Inspection of the fits and residual values showed that, similar to what was observed in Rietveld
and PDF analyses, a bulk-type crystallographic model provided a much better fit for Er:Yb:SrFBr
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than for Er:Yb:SrFCl. Using this model, the first coordination shells were adequately described by
4 + 1 + 4 (SrFCl) and 4 + 4 + 1 (SrFBr) ligand distribution patterns. This model was also able to
provide a good description of the ligand distribution in the second coordination shell of SrFBr but
failed to do so in the case of SrFCl. For the latter, the amplitude of the radial distribution function
in the range corresponding to the second coordination shell was not adequately reproduced.
Unsuccessful attempts to improve this fit included: (1) the use of input structural models featuring
4 + 5 (M–F < M–Cl = M–Clc) and 4 + 4 + 1 (M–Cl < M–Cl < M–Clc) ligand distribution patterns;
(2) an increase in the number of independent Debye-Waller factors; (3) the inclusion of strontium
backscatterers located at 5.10 Å (i.e., M′′′ in Figure 1a); and (4) refinement of the number of
backscatterers.

Figure 3.12. k1-weighted χ(k) functions of Er:Yb:SrFCl (nominal total rare-earth concentration:
6.67 mol. %) and Er:Yb:SrFBr nanocrystals (nominal total rare-earth concentration: 16.7 mol. %)
synthesized at 250 °C. k ranges for the Fourier transform are indicated with vertical dashed lines.
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Table 3.7. Structural parameters from EXAFS analyses.
Er:Yb:SrFCl
Er:Yb:SrFBr
S0 2

1.2(2)

1.27(13)

∆E0 (eV)

1(1)

1.1(4)

zSr

0.204(5)

0.184(1)

zX

0.639(13)

0.648(5)

σ2Sr′ (Å2)a

Nb = 4

0.014

N=4

0.005

σ2Sr′′ (Å2)

N=4

0.010(4)

N=4

0.003(2)

σ2F (Å2)

N=4

0.014(5)

N=4

0.012(2)

σ2F′ (Å2)

N=8

0.007(6)

N=8

0.009(4)

σ2X (Å2)

N=4

σ2Xc (Å2)

N=1

σ2Xc′ (Å2)

N=1

0.018(5)

N=1

0.016(3)

N=1

Sr−F (Å)

2.506(19)

2.507(4)

Sr−X (Å)

3.12(3)

3.226(14)

Sr−Xc (Å)

3.05(9)

3.43(4)

Sr−Xc′ (Å)

3.95(9)

3.96(4)

Sr−Sr′ (Å)

4.08(5)

4.034(10)

Sr−Sr′′ (Å)

4.122

4.212

Sr−F′ (Å)

4.824(10)

4.902(2)

Residual (%)

R = 4.9

R = 1.8

σ2Sr′ = 1.5 × σ2Sr′′
b
N: number of backscatterers.
a

N=4
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The two main findings of the structural analysis of Er:Yb:SrFCl and Er:Yb:SrFBr
nanocrystals are summarized in Figure 3.13. First, the ligand distribution pattern in the first
coordination shell of the metal center was adequately described as 4 + 1 + 4 (M–F < M–Xc < M–
X) in SrFCl and as 4 + 4 + 1 (M–F < M–X < M–Xc) in SrFBr. Chemically sensible bond-valence
sums were obtained for the strontium cation in both compounds (see Table 3.6).91 Second, a bulktype crystallographic model provided an adequate description of the average and local structures
of Er:Yb:SrFBr nanocrystals, as well as of the first and second coordination shells of strontium.
This model, however, proved less adequate to describe the local structure of Er:Yb:SrFCl
nanocrystals, because deviations from the model were observed already in the second coordination
shell of strontium. The reduced structural coherence observed in Er:Yb:SrFCl may be attributed
to (1) the smaller size of the nanocrystals (‐10–20 vs 40–50 nm in Er:Yb:SrFBr), and/or (2) the
incorporation of a much higher concentration of rare-earth dopants (‐3.5 vs 0.35 mol. % in
Er:Yb:SrFBr), which led to a larger disruption of the crystal lattice. The concentration of chargecompensating defects further contributed to this disruption. Electroneutrality requires that a higher
concentration of aliovalent dopants is accompanied by a higher concentration of chargecompensating defects. Pure and aliovalently doped single crystal and bulk alkaline-earth
fluorohalides have been shown to incorporate oxide anions as defects or as charge-compensating
species.92-95 The shorter structural coherence observed in Er:Yb:SrFCl nanocrystals should directly
impact activator−sensitizer (e.g., Yb−Er energy transfer and back transfer) and activator−activator
(e.g., Er−Er cross-relaxation) energy-transfer processes relevant for light upconversion, as these
depend on the short-range connectivity between metal centers. We believe an important
methodological note is in order here. Our findings demonstrate the significance of probing the
atomic arrangement of luminescent nanomaterials in multiple scales to go beyond average models
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that do not capture structural features directly involved in energy-transfer. Multiscale probing is
thus critical to establishing the crystal-chemical principles governing these energy-transfer
processes.

Figure 3.13. Interatomic distances M−F, M−X, and M−Xc defining the MF4X5 coordination
polyhedron in (a) Er:Yb:SrFCl and (b) Er:Yb:SrFBr nanocrystals as derived from Rietveld, PDF,
and EXAFS analyses. Dashed lines are guides-to-the-eye.
The effects of the fluorohalide host composition and rare-earth concentration on the
upconversion luminescence of Er:Yb:SrFCl and Er:Yb:SrFBr nanocrystals were probed using
steady-state and time-resolved spectrofluorometry. The effects of the fluorohalide host
composition and rare-earth concentration on the upconversion luminescence of Er:Yb:SrFCl and
Er:Yb:SrFBr nanocrystals were probed using steady-state and time-resolved spectrofluorometry.
Emission spectra collected under 980 nm excitation (‐1.6 W cm−2) are shown in Figure 3.14 for
(a) Er:Yb:SrFCl (225 °C, nominal total rare-earth concentration 6.67 mol. %), (b) Er:Yb:SrFBr
(225 °C, nominal total rare-earth concentration 3.33 mol. %), and (c) Er:Yb:SrFBr (250 °C,
nominal total rare-earth concentration 16.7 mol. %). Spectra corresponding to other compositions
are shown in Figures 3.15 and 3.16. Spectra shown in Figure 3.14 are representative of the three
colors observed upon NIR excitation: red, orange, and green. Bands centered at 525, 545, and 660
nm resulted from 2H11/2 → 4I15/2, 4S3/2 → 4I15/2, and 4F9/2 → 4I15/2 f−f transitions. Power-dependent
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measurements in the 0.5−2.3 W cm−2 range were consistent with two-photon upconversion
processes for all three emission bands (Figure 3.17). Their relative intensities, however, changed
significantly upon varying the fluorohalide host and the rare-earth concentration. The red-to-green
ratio (R/G) was utilized to quantitatively gauge these changes. R/G values were computed by

Figure 3.14. Emission spectra of (a) Er:Yb:SrFCl (225 °C, nominal total rare-earth concentration:
6.67 mol. %), (b) Er:Yb:SrFBr (225 °C, nominal total rare-earth concentration: 3.33 mol. %), and
(c) Er:Yb:SrFBr nanocrystals (250 °C, nominal total rare-earth concentration: 3.33 mol. %) under
980 nm excitation. Digital pictures of the illuminated powders (≈1.6 W cm−2) are shown as insets.
Red-to-green ratios (R/G) of the emissions from nanocrystals synthesized at 225 (solid black
squares) and 250 °C (hollow blue squares) are given. Ratios corresponding to the emission spectra
shown in (a)−(c) are depicted with the symbol.
taking the ratio of the integrated intensity of the red band centered at 660 nm to the sum of the
integrated intensities of the green bands centered at 525 and 545 nm. R/G values shown in Figure
3.14 were extracted from spectra measured at 1.6 W cm−2; no dependence of R/G values on the
excitation power was observed in the 0.5−2.3 W cm−2 range. As mentioned earlier, three groups
of Er:Yb:SrFX nanocrystals could be distinguished. The first group included nearly single-band,
red-emitting Er:Yb:SrFCl nanocrystals. Their spectral distribution was characterized by R/G
values in the 20−49 range and red emission was visible to the naked eye at the working excitation
density. R/G values decreased upon increasing the nominal total rare-earth concentration in the
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SrFCl host. No significant differences were observed in the spectral distribution of nanocrystals
synthesized at 225 and 250 °C. Nanocrystals featuring the highest nominal total rare-earth
concentration (20.0 mol. %) deviated from the behavior described above. These compositions
exhibited R/G ratios equal to 14 (225 °C) and 8 (250 °C) and no visible emission was observed at
the working excitation density. The second group of upconverters included green-emitting
Er:Yb:SrFBr nanocrystals. Their spectral distribution was characterized by R/G values in the 1−5
range and green emission was visible to the naked eye. Unlike their fluorochloride counterparts,
R/G values were nearly independent of the nominal total rare-earth concentration. Er:Yb:SrFBr
nanocrystals synthesized at 250 °C showed significantly brighter emission than those synthesized
at 225 °C. Finally, the third group of emitters consisted of Er:Yb:SrFBr nanocrystals synthesized
at 225 °C with a nominal total rare-earth concentration of 3.33 mol. %. This particular composition
and reaction temperature consistently yielded an orange-emitter with a R/G ratio equal to 13, well
above the range of values encountered for green-emitting Er:Yb:, SrFBr nanocrystals belonging to
the second group. Orange emission was visible to the naked eye at the working excitation density.
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Figure 3.15. Emission spectra of Er:Yb:SrFCl nanocrystals. Nominal total rare-earth
concentrations and red-to-green ratios (R/G) are indicated.
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Figure 3.16. Emission spectra of Er:Yb:SrFBr nanocrystals. Nominal total rare-earth
concentrations and red-to-green ratios (R/G) are indicated.

Results obtained in time-resolved spectrofluorometric analyses were in good agreement
with those obtained in steady-state measurements. The amplitude-weighted average lifetimes of
the 2H11/2 (525 nm), 4S3/2 (545 nm), and 4F9/2 (660 nm) excited states of Er3+ are plotted in Figure
3.18 as a function of the fluorohalide host, nominal total rare-earth concentration, and reaction
temperature; values of the corresponding R/G ratios are also included. Average lifetimes (τaverage)
were extracted via exponential fits to the experimental decay curves (see Figures 3.19–3.22 and
Tables 3.8 and 3.9). In the case of Er:Yb:SrFCl nanocrystals synthesized at 225 (250) °C, lifetimes
in the 57−101 (66−121), 42−82 (44−113), and 62−139 (63−161) µs ranges were estimated for the
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excited states giving rise to the 525, 545, and 660 nm emission bands, respectively. As expected
for these red emitters, the 4F9/2 state showed a longer lifetime than green-emitting 2H11/2 and 4S3/2
states, regardless of the dopant concentration. Only Er:Yb:SrFCl nanocrystals exhibiting a R/G
ratio equal to 8 (250 °C, nominal total rare-earth concentration 20.0 mol. %) deviated from this
behavior. In this sample, the green-emitting 2H11/2 state showed a longer lifetime than that of the
red-emitting 4F9/2 state. Lifetimes decreased upon increasing the total rare-earth concentration and
displayed virtually equal values in samples in which the doping levels were near the solubility
limits. Additionally, lifetimes of the green-emitting states approached that of the red-emitting state
upon increasing the total rare-earth concentration, in agreement with the decrease in R/G values
described earlier. The emissive excited states of the Er3+ activator showed much longer lifetimes
when doped into SrFBr. Indeed, for Er:Yb:SrFBr nanocrystals synthesized at 225 (250) °C,
lifetimes in the 178−245 (329−467), 137−173 (199−448), and 141−191 (225−376) µs ranges were
estimated for the excited states giving rise to the 525, 545, and 660 nm bands, respectively. As
expected for these green emitters, either the 2H11/2 or the 4S3/2 state (or both) showed longer lifetime
than the 4F9/2 state, regardless of the dopant concentration. Orange-emitting Er:Yb:SrFBr
nanocrystals exhibiting a R/G ratio equal to 13 (225 °C, nominal total rare-earth concentration
3.33 mol. %) were the only exception to this trend. For this sample, average lifetimes of 200, 86,
and 391 µs were estimated for the 2H11/2, 4S3/2, and 4F9/2 excited states, respectively. Unlike their
fluorochloride counterparts, average lifetimes did not show a clear dependence on the nominal
total rare-earth concentration present in the fluorobromide host. This observation was consistent
with that reported earlier for R/G values, which were found to be nearly independent of the dopant
concentration. Finally, excited-state lifetimes in Er:Yb:SrFBr nanocrystals synthesized at 250 °C
were significantly longer than those observed for nanocrystals synthesized at 225 °C.
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Figure 3.17. Double logarithmic plots of the integrated emission intensities at 525 (2H11/2 → 4I15/2,
), 545 (4S3/2 → 4I15/2, ), and 660 nm (4F9/2 → 4I15/2, ) as a function of the excitation density
for selected Er:Yb:SrFX nanocrystals. (a) Er:Yb:SrFCl UCNCs with nominal total rare-earth
concentrations of 6.67 mol. % synthesized at 225 °C , (b) Er:Yb:SrFCl UCNCs with nominal total
rare-earth concentrations of 13.3 mol. % synthesized at 250 °C, (c) Er:Yb:SrFBr UCNCs with
nominal total rare-earth concentrations of 16.7 mol. % synthesized at 225 °C, and (d) Er:Yb:SrFBr
UCNCs with nominal total rare-earth concentrations of 13.3 mol. % synthesized at 250 °C.
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Figure 3.18. Average lifetimes of Er3+ excited states giving rise to the 525, 545, and 660 nm
emission bands in (a,b) Er:Yb:SrFCl and (c,d) Er:Yb:SrFBr nanocrystals as a function of the
nominal total rare-earth concentration. Red-to-green ratios (R/G) are given for each series of
nanocrystals. Lifetimes and red-to-green ratio in orange-emitting Er:Yb:SrFBr (225 °C, nominal
total rare-earth concentration: 3.33 mol. %) are depicted in (c) with the × symbol.
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Figure 3.19. Decay curves of the 2H11/2 (525 nm), 4S3/2 (545 nm), and 4I15/2 (660 nm) excited
states of Er3+ in Er:Yb:SrFCl nanocrystals synthesized at 225 °C. Nominal total rare-earth
concentrations, red-to-green ratios (R/G), and average lifetimes (τave) are indicated. Exponential
fits are depicted as solid red lines. Plots are shown in logarithmic scale.
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Figure 3.20. Decay curves of the 2H11/2 (525 nm), 4S3/2 (545 nm), and 4I15/2 (660 nm) excited
states of Er3+ in Er:Yb:SrFCl nanocrystals synthesized at 250 °C. Nominal total rare-earth
concentrations, red-to-green ratios (R/G), and average lifetimes (τave) are indicated. Exponential
fits are depicted as solid red lines. Plots are shown in logarithmic scale.
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Figure 3.21. Decay curves of the 2H11/2 (525 nm), 4S3/2 (545 nm), and 4I15/2 (660 nm) excited states
of Er3+ in Er:Yb:SrFBr nanocrystals synthesized at 225 °C. Nominal total rare-earth
concentrations, red-to-green ratios (R/G), and average lifetimes (τave) are indicated. Exponential
fits are depicted as solid red lines. Plots are shown in logarithmic scale.
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Figure 3.22. Decay curves of the 2H11/2 (525 nm), 4S3/2 (545 nm), and 4I15/2 (660 nm) excited
states of Er3+ in Er:Yb:SrFBr nanocrystals synthesized at 250 °C. Nominal total rare-earth
concentrations, red-to-green ratios (R/G), and average lifetimes (τave) are indicated. Exponential
fits are depicted as solid red lines. Plots are shown in logarithmic scale.
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Table 3.8. Red-to-green ratios (R/G) and Er3+ excited states average lifetimes (τaverage) in
Er:Yb:SrFCl nanocrystals.
Er:Yb:SrFCl – 225 °C
Er and Yb Concentrations
Nominal

Photoluminescence

Experimental

τaverage (μs)
[Er] + [Yb]

[Er] + [Yb]

[Er] /

(mol. %)

(mol. %)

([Yb] + [Er])

R/G

525 nm

545 nm

660 nm

3.33

2.74

0.11

49

101

82

139

6.67

3.14

0.10

48

75

66

130

10.0

4.57

0.11

32

65

51

82

13.3

5.01

0.12

29

53

45

68

16.7

5.05

0.11

23

51

44

56

20.0

5.05

0.11

14

57

42
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Er:Yb:SrFCl – 250 °C
Er and Yb Concentrations
Nominal
[Er] + [Yb]

Photoluminescence

τaverage (μs)

Experimental
[Er] + [Yb]

[Er] /

R/G
525 nm

545 nm

660 nm

(mol. %)

(mol. %)

([Yb] + [Er])

3.33

2.30

0.10

46

121

113

161

6.67

3.67

0.11

48

85

74

114

10.0

4.25

0.10

32

59

51

76

13.3

4.88

0.11

30

58

47

72

70
16.7

4.85

0.11

24

53

44

61

20.0

5.02

0.10

8

66

54
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Table 3.9. Red-to-green ratios (R/G) and Er3+ excited states average lifetimes (τaverage) in
Er:Yb:SrFBr nanocrystals.
Er:Yb:SrFBr – 225 °C
Er and Yb Concentrations
Nominal

Photoluminescence

Experimental

τaverage (μs)
[Er] + [Yb]

[Er] + [Yb]

[Er] /

(mol. %)

(mol. %)

([Yb] + [Er])

R/G

525 nm

545 nm

660 nm

3.33

0.161

0.23

13

200

86

391

6.67

0.252

0.20

2.8

245

170

176

10.0

0.352

0.23

2.6

178

145

155

13.3

0.372

0.25

3.4

208

137

153

16.7

0.456

0.25

2.2

201

156

141

20.0

0.455

0.27

5.0

190

173

191

Er:Yb:SrFBr – 250 °C
Er and Yb Concentrations
Nominal
[Er] + [Yb]

Photoluminescence

τaverage (μs)

Experimental
[Er] + [Yb]

[Er] /

(mol. %)

(mol. %)

([Yb] + [Er])

3.33

0.135

0.27

R/G

0.95

525 nm

545 nm

660 nm

467

448

376

71
6.67

0.200

0.25

1.7

329

258

225

10.0

0.277

0.19

1.4

410

391

299

13.3

0.323

0.24

4.3

381

199

333

16.7

0.345

0.21

3.1

338

202

258

20.0

0.358

0.22

1.5

347

323

239

The major findings from spectrofluorometric analyses are summarized below and
correlated with relevant chemical and structural features of Er:Yb:SrFX upconverting
nanocrystals.
• The spectral distribution of the visible emission of the nanocrystals could be tuned using the
heavy halogen atom and the rare-earth concentration as synthetic levers. Red-, orange-, and
green-emitting upconverters were thus achieved. The spectral outcome of Er:Yb:SrFX
upconverters resulted from the interplay between the following chemical, morphological, and
structural variables: (i) the energies of the vibrational modes of the fluorohalide lattice; (ii)
activator and sensitizer concentrations and activator-to-sensitizer ratio; (iii) charge-compensating
defect concentration; (iv) nanocrystal size; (v) structural coherence of the nanocrystals; and (vi)
spatial distribution of the rare-earth dopants and charge-compensating defects. Because a
mechanistic investigation of the population and depopulation pathways of the 2H11/2, 4S3/2, and 4F9/2
emissive states of Er3+ was beyond the scope of this work, deconvoluting the effect of each of
these variables on the spectral outcome of Er:Yb:SrFX upconverting nanocrystals will be the goal
of future studies. These will focus on (1) elucidating the atomic environments of Er3+ and Yb3+
ions using X-ray absorption spectroscopy, and (2) identifying the mechanism(s) by which the redemitting 4F9/2 state is populated and the compositional dependence of this(these) mechanism(s).
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• In the case of Er:Yb:SrFCl, both the red-to-green ratio and Er3+ excited state lifetimes decreased
upon increasing the concentrations of Er3+ and Yb3+ up to their solubility limits. A similar
dependence was not observed in the case of Er:Yb:SrFBr nanocrystals. The average lifetimes of
the emissive states of the Er3+ activator were significantly shorter in SrFCl than in SrFBr. These
findings demonstrated that concentration-dependent energy-transfer pathways operated to a much
greater extent in SrFCl than in SrFBr. The higher rare-earth concentration in Er:Yb:SrFCl
nanocrystals (‐3.5 mol. % vs 0.5 mol. % in Er:Yb:SrFBr) coupled to their smaller size (‐10–20
nm vs 40–50 nm in Er:Yb:SrFBr) provided the chemical and structural bases for these pathways
to be active. The shorter excited-state lifetimes observed in the fluorochloride host may be
rationalized invoking the same variables, as well as the large concentration of chargecompensating defects expected to be present in this host.
• The excited state lifetimes of Er3+ were found to be independent of the reaction temperature
employed to synthesize Er:Yb:SrFCl nanocrystals. In the case of Er:Yb:SrFBr, however, lifetimes
were found to increase upon increasing the reaction temperature from 225 to 250 °C. This finding
may be rationalized by considering that raising the reaction temperature to 250 °C had no effect
on the structural coherence of Er:Yb:SrFCl nanocrystals, whereas the crystallinity of the
Er:Yb:SrFBr counterparts increased.
3.4. Conclusions.
Attempts to synthesize Er:Yb:SrFX UCNCs by employing one- and two-step thermolysis
demonstrate that two-step thermolysis route is more suitable to synthesize smaller dispersed
nanocrystals with compared to one-step thermolysis route. From work presented in section 3.3.3,
it is clear that green-, orange-, and red-emitting nanocrystalline upconverters were achieved by
employing SrFCl and SrFBr as hosts for Er3+−Yb3+ activator−sensitizer pairs. Utilizing chemically
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and structurally flexible strontium fluorohalide hosts provided enhanced synthetic control over the
spectral distribution of the upconverted emission than just relying on the adjustment of the
activator and sensitizer concentrations in a rigid host platform. Quantitatively probing crystalchemical features involved in energy-transfer processes relevant for light upconversion revealed
significant differences between Er:Yb:SrFCl and Er:Yb:SrFBr emitters. The solubilities of Er3+
and Yb3+ ions in the fluorochloride lattice were found to be an order of magnitude higher than in
the fluorobromide counterpart. The structural coherence of the crystals was found to be
significantly shorter in Er:Yb:SrFCl, with deviations from a bulk-type crystallographic model
observed as early as in the second coordination shell of the strontium cations. The spectral
distribution of the emission and the average lifetimes of the 2H11/2, 4S3/2, and 4F9/2 emissive levels
of the Er3+ activator in Er:Yb:SrFCl were strongly dependent on the rare-earth concentration. This
dependence was not observed in Er:Yb:SrFBr, demonstrating that concentration-dependent
energy-transfer pathways affecting the population and depopulation of these levels operated to a
much greater extent in the fluorochloride lattice. Future work will aim at gaining further
understanding of the effect of the crystal-chemistry of the host on energy-transfer processes
governing the spectral outcome of these upconverters. Specifically, we will seek to establish the
local atomic environments of Er3+ and Yb3+ ions, the mechanism(s) by which the red-emitting 4F9/2
state is populated, and the nature and spatial distribution of charge-compensating defects.
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Synthesis, structure, and luminescence properties of Er:Yb:BaFCl
upconverting nanocrystals.
The bulk of the text in this chapter was reproduced from Dissanayake, K.T.; Amarasinghe, D.K.;
Suescun, L.; and Rabuffetti, F.A. “Accessing Mixed-Halide Upconverters Using
Heterohaloacetate Precursors”. Chemistry of Materials 2019,31, 16, 6262–6267 with permission.
All rights to the work are retained with the authors.
4.1. Introduction.
4.1.1. Goals and strategies.
This chapter is devoted to the synthesis, chemical, structural, and luminescence
characterization of Er:Yb:BaFCl UCNCs.
Up to this end, our group has developed two novel colloidal synthetic routes (one- and twostep thermolysis) to produce Er:Yb:SrFX UCNCs. These synthetic routes have discussed in detail
in chapters 2 and 3. First, several attempts were made to synthesize Er:Yb:BaFCl UCNCs
employing one- and two-step thermolysis routes by varying experimental parameters such as
reaction temperature, reaction time, solvent system, and precursor concentration. However, most
of these attempts failed to produce phase pure BaFCl. Therefore, modification to the existing
synthetic route or developing a novel synthetic route became essential.
So far, we have used trifluoroacetic acid and trihaloacetic acid as the sources for fluoride and
heavy halide in MFX nanocrystals, respectively. In this work, we demonstrate that dual halogen
sources provide access to mixed-halide optical materials. We exemplify this concept using a
commercially available heterohaloacetic acid (chlorodifluoroacetic acid, CF2ClCOOH) to
synthesize metal chlorodifluoroacetate precursors, an extended organic–inorganic hybrid whose
thermolysis in the solid state and in solution yield BaFCl at temperatures below 300 °C. Solution
thermolysis in presence of varying concentrations Yb3+−Er3+ pairs yields a series of mixed-halide
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nanocrystals capable of NIR-to-visible photon upconversion. The use of heterhaloacetic acids was
inspired by the observation that trifluoromethyl groups present in mono- and bimetallic
trifluoroacetates serve as a fluorine source for the synthesis of fluorides below 300 °C.96-99
Knowing that the energy of carbon−halogen bonds decreases going down the halogen group, we
hypothesized that heterohalomethyl groups would serve as dual halogen sources for the solid-state
and solution synthesis of mixed halides. In the following, we describe the synthesis of metal
chlorodifluoroacetate precursors. Emphasis is placed on probing the phase-purity, morphology,
crystal structure, and luminescence response of rare-earth-doped BaFCl nanocrystals obtained
upon solution thermolysis of the hybrid precursor. Multiple compositional levers available in this
family of precursors are highlighted from the perspective of extending the chemistry presented in
this work to the synthesis of a broad range of mixed halides.
The next importance of this work is here we have employed a hot-injection method rather than
just relying on the heat-up synthesis routes. The hot-injection method is well-known for creating
a burst of nuclei, which is a crucial factor in producing particles with narrow size distribution. We
had accomplished phase pure BaFCl nanocrystals when hot-injection route was used to decompose
metal chlorodifluoroacetate precursors. The detailed procedure for hot-injection route was
described in Chapter 2, section 2.2.7. Similar to other synthetic routes, we have systematically
controlled the reaction parameters such as metal precursor concentration, solvent system, reaction
temperature, and reaction time to tailor Er:Yb:BaFCl nanocrystals in well-defined size and shape.
4.1.2. Chapter organization.
This chapter is organized as follows: In the Experimental section, the hot-injection synthetic
procedure employed for the synthesis of Er:Yb:BaFCl UCNCs are described. Then the standard
procedures employed for the chemical, structural, morphological, and luminescence

76
characterizations are described. These techniques include powder X-ray diffraction, Rietveld and
pair distribution function analyses using synchrotron total scattering data, X-ray absorption
spectroscopy, transmission electron microscopy imaging, inductively coupled plasma-mass
spectrometry, and spectrofluorometric techniques.
In the Results and discussion section, the results from chemical, morphological, structural,
and luminescence characterization techniques are analyzed as a function of rare-earth
concentration.
4.2. Experimental.
4.2.1. Syntheses.
4.2.1.1. Materials.
All syntheses were carried out under nitrogen atmosphere using standard Schlenk techniques.
Er2O3 (99.99%), Yb2O3 (99.9%), BaCO3 (99.98%), CF3COOH (99%), CF2ClCOOH (98%), oleic
acid (OA, 90%), 1-octadecene (ODE, 90%), oleylamine (OME, 70%), tetraethylene glycol
dimethyl ether (TG, 99%), trioctylphosphine oxide (TOPO, 99%) and trioctylphosphine (97%)
were used as reagents. All chemicals were purchased from Sigma Aldrich and used without further
purification. CF3COOH, CF2ClCOOH, and trioctylphosphine were stored under N2.
4.2.1.2. Synthesis of metal chlorodifluoroacetate precursors.
The solvent evaporation method described in Chapter 2, section 2.2.4, was used to
synthesized metal chlorodifluoroacetate precursors.
4.2.1.3. Hot-injection route to Er:Yb:BaFCl UCNCs.
Attempts to synthesize Er:Yb:BaFCl UCNCs employing hot-injection route was described
in Chapter 2 section 2.2.7.
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4.2.1.4. Synthesis of Er:Yb:BaFCl UCNCs with varying rare-earth concentrations.
Five Er:Yb:BaFCl samples were prepared, each with a total metal content of 1 mmol but
with different rare-earth concentrations. These samples featured nominal total rare-earth
concentrations

(Er:Yb:Ba

molar

ratios)

of

0.50

(0.000500:0.00450:0.995),

1.5

(0.00150:0.0135:0.985), 3.0 (0.00300:0.0270:0.970), 4.5 (0.00450:0.0405:0.955), and 6.0 mol. %
(0.00600:0.0540:0.940). In all cases, the nominal erbium concentration was fixed at 10.0% of the
total rare-earth concentration, corresponding to an Er:Yb molar ratio of 1:9. Polycrystalline
precursors for Er:Yb:BaFCl nanocrystals were prepared following a procedure similar to that
described in Chapter 2, section 2.2.4. Then, 4 mL of oleic acid and 1 mL of 1-octadecene were
added to the flask containing the precursor (hereafter referred to as flask A). 4 mL of oleic acid
and 7 mL of 1-octadecene were added to a second flask (flask B). Flasks A and B were immersed
in sand baths and heated to 115 °C under vacuum (≈2 mTorr); vigorous magnetic stirring was
employed throughout. After 45 min, flask B was switched to a nitrogen atmosphere, a
thermocouple was placed inside the flask in direct contact with the solution, and 8 mL of
trioctylphosphine were injected. Degassing oleic acid and 1-octadecene before adding
trioctylphosphine was found to be critical to prevent oxidation to trioctylphosphine oxide. Then,
the temperature of flask B was increased to 278 °C, and the solution in flask A was swiftly injected.
The reaction proceeded for 90 min at 275 °C. Then, the flask was removed from the sand bath and
quenched to room temperature using a stream of air. Er:Yb:BaFCl nanocrystals were isolated in
≈60−70% yield following a work-up procedure described in Chapter 2, section 2.2.7.
Polycrystalline samples were employed for chemical, morphological, structural, and luminescence
analyses.
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4.2.1.5. Chemical, structural, morphological, and luminescence characterization.
4.2.1.5.1. X-ray diffraction.
4.2.1.5.1.1. Powder X-ray diffraction (PXRD).
PXRDs were collected under the same conditions described in Chapter 2, section 2.3.1.1.
4.2.1.5.1.2. Synchrotron X-ray total scattering.
An incident photon energy of 86.72 keV (λ = 0.143 Å) was employed. Please see Chapter
2, section 2.3.1.2 for more details.
4.2.1.5.1.3. Rietveld analysis.
Rietveld analysis was performed for the samples described in section 4.2.1.4. Experimental
conditions were described in Chapter 2, section 2.3.1.3.
4.2.1.5.1.4. Pair distribution function analysis (PDF).
PDF analysis was carried out for all the samples described in section 4.2.1.4. RAD87 was
employed to extract pair distribution functions (G(r)) from the raw scattering data. These data were
first corrected for background, sample absorption, and Compton scattering. Normalized structure
functions S(Q) were then obtained. Finally, S(Q) functions were Fourier-transformed to yield G(r).
A Qmax of 22 Å−1 was employed in the Fourier transform. Structural refinements were carried out
using PDFgui.88 The local structure of Er:Yb:BaFCl nanocrystals was refined using the tetragonal
P4/nmm space group. Fits of this structural model to the experimental PDFs were performed in the
1.6−8 Å interatomic distance range. Similar to what was done in Rietveld analysis, the occupancy
of the metal site was fixed according to the Er:Yb:Ba ratios provided by elemental analysis. The
following parameters were refined: (1) scale factor, (2) lattice constants (a and c), (3) fractional
atomic coordinates of the metal (zM) and chlorine (zCl) atoms, and (4) an isotropic displacement
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parameter for each of the metal and chlorine atoms in the structure (UM, UF, UCl). The isotropic
displacement parameter for all fluorine atoms (UF) was constrained according to UF = 1.5 × UCl.
4.2.1.5.1.5. X-ray absorption spectroscopy (XAS).
X-ray absorption near edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) analyses were carried out for all the samples described in section 4.2.1.4.
XANES and EXAFS spectra were collected at the 20−BM−B line of the Advanced Photon Source
at Argonne National Laboratory. The incident X-ray beam was monochromatized using a Si(111)
double crystal. A harmonic rejection mirror was used to eliminate higher harmonics, and the beam
intensity was detuned to further reduce any residual harmonics. Spectra were collected in
transmission mode at the Ba L3 edge (5247.78 eV). The collection range extended from 5097 to
5597 eV. XANES spectra were normalized by subtracting the pre-edge and applying an edge-jump
normalization using Athena. Normalized EXAFS spectra χ(k) of Er:Yb:BaFCl nanocrystals were
extracted from the raw X‐ray absorption data. EXAFS analyses were performed on the Fourier‐
transform of k1‐weighted χ(k). Fourier transforms were computed in the 2.5−8.5 Å−1 k range. A
Hanning window with dk = 0.1 Å−1 was used. Fits of χ(r) were carried out using Artemis89 in the
1.5−4.5 Å r range. A two-shell, single‐scattering model was employed to fit χ(r). Structural
models extracted from Rietveld analyses were used as a starting point. These models were fit to

χ(r) by refining (1) the amplitude reduction factor S02, (2) the threshold energy shift ∆E0, (3)
fractional atomic coordinates of the metal (zM) and chlorine (zCl) atoms, and (4) Debye–Waller
factors (σ2) for metal, fluorine, and chlorine atoms. Backscatterer atoms included barium, fluorine,
and chlorine. Backscatterer numbers were fixed at the values obtained from Rietveld analyses.
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4.2.1.5.2. Transmission electron imaging (TEM).
TEM sample preparation and analysis were carried out according to Chapter 2 section
2.3.2.
4.2.1.5.3. Inductively coupled plasma mass spectrometry (ICP-MS).
3−4 mg of powder were dissolved in 20 mL of aqua regia at 65 °C. Erbium (998 ± 4 µg
mL−1, Fluka), ytterbium (1000 µg mL−1, High Purity Standards), and barium (1000 ± 2 mg L−1,
Fluka) in 2% HNO3 were used as standards.
4.2.1.5.4. Spectrofluorometry.
Please see Chapter 2, section 2.3.5 for more details.
4.3. Results and discussion.
4.3.1. Attempts to synthesize Er:Yb:BaFCl UCNCs.
According to most research papers, the nature of the solvent system is the most critical reaction
parameter that controls the nucleation and growth processes. Therefore, the emphasis was placed
to tailor the morphology of the final products by utilizing the solvent system a lever. The
commonly used solvents are oleic acid (OA), 1-octadecene (ODE), oleylamine (OME),
trioctylphosphine oxide (TOPO), and trioctylphosphine (TOP). In many reported articles, a
combination of one or more of these solvents has been used.
In the process of attempting to optimize the particle morphology, we have performed a set of
reactions by employing mono-, bi-, and tri-solvent systems. The phase purity and morphology of
synthesized nanocrystals were analyzed using PXRD and TEM, respectively. The solvent system,
total metal concentration, reaction temperature, reaction time, and the corresponding TEM image
are tabulated in Table 4.1. First, a series of reactions were performed by employing mono-solvent
systems such as oleic acid, oleylamine, and trioctylphosphine to decompose metal
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chlorodifluoroacetate precursors while maintaining reaction temperature, reaction time, and total
metal concentration at 275 °C, 60 minutes, and 1 mmol, respectively. As illustrated, Table 4.1
oleic acid and oleylamine containing systems produced phase pure Er:Yb:BaFCl but with
irregularly shaped particles. The reaction performed by employing trioctylphosphine failed to
produce phase pure Er:Yb:BaFCl nanocrystals. After this series of reactions, we moved from the
mono-solvent system to bi-solvent system. First, 1:1 (volume %) combination of oleic acid and 1octadecene was used to decompose metal cholorodifluoroacetates at different temperatures (225,
250, 275, and 300 °C) while maintaining reaction time and total metal concentration at 60 minutes
and 1 mmol, respectively. These reaction systems produced phase pure Er:Yb:BaFCl nanocrystals,
but with irregularly shaped agglomerated particles. Then 1:3 and 3:1 (volume %) combinations of
oleic acid and octadecene were used to synthesize Er:Yb:BaFCl nanoparticle while maintaining
reaction temperature, reaction time, and total metal concentration at 275 °C, 60 minutes, and 1
mmol, respectively. Investigation of TEM images (Table 4.1) demonstrates that oleic acid and
octadecene ratio has no considerable effect on optimizing particle morphology; hence, all three
solvent ratios produced irregular shaped UCNCs. Similar analyses were carried out for the oleic
acid and tetraethylene glycol dimethyl ether containing system and oleic acid and
trioctylphosphine containing system. From these two solvent systems, oleic acid and tetraethylene
glycol dimethyl ether containing system failed to produce phase pure Er:Yb:BaFCl UCNCs. Oleic
acid and trioctylphosphine containing system resulted in phase pure Er:Yb:BaFCl UCNCs with
irregularly shaped particles. Next, we moved from bi-solvent systems to tri-solvent systems. First,
1:1:1 (volume %) combination of oleic acid, oleylamine, and trioctylphosphine tri-solvent system
was used to decompose metal chlorodifluoroacetate precursors at 275 °C. This reaction system
produced phase pure but agglomerated nanoparticles. However, due to the uncontrollable bubbling
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nature of this solvent system at higher temperatures, other solvent ratios weren’t used to perform
this reaction. Next, a tri-solvent system containing oleic acid, 1-octadecene, and trioctylphosphine
was employed to decompose metal chlorodifluoroacetate precursors at 275 °C. As illustrated in
Table 4.1, 4:1:1, 1:4:1, 1:1:4, and 1:1:1 (volume %) combinations of oleic acid, 1-octadecene, and
trioctylphosphine containing tri-solvent system were employed to investigate the effect of solvent
ratio on the phase and morphology of Er:Yb:BaFCl UCNCs. Except for 1:1:4 system, all other
solvent combinations resulted in phase pure Er:Yb:BaFCl UCNCs. The reaction systems that used
4:1:1 and 1:4:1 solvent systems resulted a mixture of irregular shaped and regular spherical shaped
nanoparticles with a mean diameter of 8.9 and 13.1 nm (see inset of corresponding TEM images
in Table 4.1). However, the reaction system that employed 1:1:1 solvent ratio resulted in spherical
shaped particles with mean diameter of 13.9 nm (see inset of corresponding TEM image in Table
4.1). Thus, the reaction time is also an important parameter that determines the size of a
nanoparticle, we have performed a set of reactions by employing 1:1:1 solvent ratio at varying
reaction times (15, 30, 60, 90, and 180 minutes) at 275 °C to further optimize the particle
morphology. According to the TEM images tabulated in Table 4.1, the mean diameter of the
nanocrystals slightly increased upon the increase of reaction time from 15 to 180 min. However,
when reaction time exceeded 90 minutes, agglomerations of nanocrystals were observed (see TEM
image corresponding to 180 minutes). Among these five reaction systems, reaction performed for
90 min produced spherical shaped dispersed nanocrystals with a mean diameter of 21.2 nm. We
have also performed a reaction using 1:1:1 solvent system to decomposed metal
chlorodifluoroacetate precursors at 250 °C. However, slight agglomerations were observed in the
particles produced in this reaction system.
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Therefore, oleic acid:1-octadecene:trioctylphosphine 1:1:1 ratio as a solvent system, 275 °C as
reaction temperature and 90 minutes as reaction time were employed as reaction parameters for
the work presented in section 4.3.2.

Solvent system

Solvent ratio
(volume %)

Reaction
temperature (°C)

Reaction time
(min)

Phase purity

Table 4.1. Reaction parameters, phase purity, and morphology of Er:Yb:BaFCl UCNCs
developed via hot-injection route.

Only OA

1

275

60

BaFCl

Only OME

1

275

60

BaFCl

Only TOP

1

275

60

No product

OA:ODE

1:1

225

60

BaFCl

Morphology

Not performed
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OA:ODE

1:1

250

60

BaFCl

OA:ODE

1:1

280

60

BaFCl

OA:ODE

1:1

300

60

BaFCl

OA:ODE

3:1

275

60

BaFCl

OA:ODE

1:3

275

60

BaFCl
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OA:TG

1:3

260

60

BaFCl+BaF2

OA:TOP

1:1

275

60

BaFCl

OA:TOP:OME

1:1:1

275

60

BaFCl

OA:TOP:ODE

4:1:1

275

60

BaFCl

OA:TOP:ODE

1:4:1

275

60

BaFCl

OA:TOP:ODE

1:1:4

275

60

Wet product

Not performed

Not performed
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OA:TOP:ODE

1:1:1

275

15

BaFCl

OA:TOP:ODE

1:1:1

275

30

BaFCl

OA:TOP:ODE

1:1:1

275

60

BaFCl

OA:TOP:ODE

1:1:1

275

90

BaFCl

OA:TOP:ODE

1:1:1

275

180

BaFCl
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OA:TOP:ODE

1:1:1

250

30

BaFCl

4.3.2. Effect of rare-earth concentration of the chemical, structural, and luminescence
properties of Er:Yb:BaFCl UCNCs.
Metal chlorodifluoroacetate was used as a precursor for the solution-phase synthesis of
rare-earth-doped BaFCl nanocrystals. Representative PXRD patterns are given in Figures 4.1 for
Er:Yb:BaFCl nanocrystals with a nominal rare-earth concentrations of 0.500, 1.50, 3.00, 4.50, and
6.00 mol. %. All the diffraction maxima are indexed to the tetragonal P4/nmm space group of the
fluorochloride phase (PDF No. 024−0096). No secondary crystalline phases are observed.

Figure 4.1. PXRD patterns of Er:Yb:BaFCl nanocrystals. Nominal total rare-earth concentrations
(mol. %) are indicated.
TEM imaging was performed to investigate the effect of rare-earth concentration of the
morphology of Er:Yb:BaFCl UCNCs. TEM images corresponding to Er:Yb:BaFCl nanocrystals
with a nominal rare-earth concentrations of 0.500, 1.50, 3.00, 4.50, and 6.00 mol. % are given in
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Figures 4.2a-e. Er:Yb:BaFCl nanocrystals exhibit spherical shape and average diameters in the
18.7−21.5 nm range. The nominal rare-earth concentration has no significant effect on the phase
purity and morphology of the nanocrystals.

Figure 4.2. TEM images and size distribution histograms of Er:Yb:BaFCl nanocrystals with
nominal total rare-earth concentrations of 0.50 (a), 1.50 (b), 3.00 (c), 4.50 (d), and 6.00 mol. %
(e).
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Experimental rare-earth concentrations were determined using ICP−MS elemental
analysis. Total ([Yb]+[Er]), ytterbium ([Yb]), and erbium concentrations ([Er]) are plotted in
Figure 4.3 as a function of their nominal values; numerical results are provided in Table 4.2. The
total rare-earth concentration increases linearly up to 6.00 mol. %. Above this value, saturation is
observed in samples containing a nominal rare-earth concentration of 7.50 mol. %. Similar trends
are observed for ytterbium and erbium. The solubility limits of ytterbium and erbium in BaFCl can
therefore be estimated to be ≈5.30 and 0.60 mol. %, respectively; similar values were reported by
our group for ytterbium and erbium doped into SrFCl.86 For samples with nominal rare-earth
concentrations in the 0.5−6 mol. % range, experimental ytterbium-to-erbium ratios ranging from
7.1 to 9.4 are observed, in good agreement with the target value of 9.0. For these nanocrystals,
calculated doping efficiencies for ytterbium and erbium are greater than 90%. As expected, doping
efficiencies drop to ≈80 (Yb) and 75% (Er) in the case of nanocrystals with a nominal
concentration of 7.5 mol. % (i.e., above the saturation threshold). Altogether, results from chemical
and morphological analyses demonstrate the utility of chlorodifluoroacetates as precursors for the
colloidal synthesis of mixed halides. These precursors offer the advantage of having the two target
halogens built-in, eliminating the need for external single halogen sources. Further, cleavage of
the carbon–halogen bonds occurs at temperatures compatible with those typically employed in
colloidal synthetic routes.
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Figure 4.3. Experimental rare-earth concentrations in Er:Yb:BaFCl nanocrystals as a function of
their nominal values. Plots for total ([Er] + [Yb]), ytterbium ([Yb]), and erbium ([Er])
concentrations are shown. Dotted lines are guides-to-the-eye.
Table 4. 2. ICP−MS elemental analyses of Er:Yb:BaFCl nanocrystals.
Nominal
Experimental
[Er] + [Yb]

[Yb] /

[Er] + [Yb]

[Yb]

[Er]

[Yb] /

[Er] /

(mol. %)

[Er]

(mol. %)

(mol. %)

(mol. %)

[Er]

([Er] + [Yb])

0.50

9.0

0.496

0.443

0.0527

8.4

0.11

1.50

9.0

1.32

1.17

0.157

7.4

0.12

3.00

9.0

2.95

2.58

0.369

7.0

0.13

4.50

9.0

4.33

3.80

0.533

7.1

0.12

6.00

9.0

5.86

5.25

0.610

8.6

0.10

7.50

9.0

5.96

5.39

0.572

9.4

0.10

The average and local atomic structures of Er:Yb:BaFCl nanocrystals were probed using
X-ray total scattering and XAFS spectroscopy. Results from structural analyses are summarized
in Figures 4.5–4.9 and Tables 4.3 and 4.4. As shown in Figure 4.4, the crystal structure of bulk
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BaFCl consists of a tetragonal unit cell in which metal centers have four fluorides and five
chlorides as nearest neighbors. One of the chloride anions belonging to the MF4Cl5 polyhedron
(Clc) sits directly above the metal center. Rietveld and pair distribution function analyses of X-ray
scattering data shown in Figures 4.5 and 4.7 demonstrate that the average and local crystal
structures of the nanocrystals are adequately described by a bulk-type model. Structural models
derived from Rietveld refinements were used as a starting point for XANES and EXAFS analyses
of the local atomic environment of barium atoms. A downshift in the Ba L3 absorption edge in the
XANES spectra of Er:Yb:BaFCl nanocrystals relative to bulk BaF2 confirms the partial
substitution of fluoride by chloride (see Figure 4.8). Experimental and calculated EXAFS spectra
given in Figure 4.7 show that an adequate fit to the experimental radial distribution function χ(r)
can be obtained in the 1.5−4.5 Å range using a bulk-type model as a starting point. A. Inspection
of metal−halogen bond distances defining the MF4Cl5 polyhedron indicates a local expansion of
the polyhedron along the c axis (see Table 4.3). Structural analyses were validated using bond
valence analysis. Bond valence sums computed using structural models derived from Rietveld,
PDF, and EXAFS analyses yield bond valences in the 2.20–2.28 v.u. range.

Figure 4.4. Crystal structure of BaFCl. Backscatterer atoms included in EXAFS fits are labeled.
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Figure 4.5. Rietveld fits of the PXRD patterns of Er:Yb:BaFCl nanocrystals. Experimental
(hollow black circles) and calculated patterns (solid red line) are shown along with the difference
curve (solid blue line) and tick marks corresponding to the fluorohalide phase (vertical green bars).
Nominal total rare-earth concentrations are indicated.
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Figure 4.6. Structure functions S(Q) of Er:Yb:BaFCl nanocrystals. Nominal total rare-earth
concentrations are indicated.
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Figure 4.7. Fits of the experimental PDFs of Er:Yb:BaFCl nanocrystals in the 1.6−8 Å range.
Experimental (hollow black circles) and calculated PDFs (solid red line) are shown along with
difference curves (solid blue line). Nominal total rare-earth concentrations are indicated.
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Figure 4.8. Top panel: XANES spectra of bulk BaF2 and Er:Yb:BaFCl nanocrystals collected
at the Ba L3 edge. Nominal total rare-earth concentrations (mol. %) are indicated. Bottom
panel: spectra in near the absorption edge. The absorption edge shifts to lower energies upon
going from BaF2 to BaFCl, indicating an increase in the covalency of the bonds formed between
barium and halide ligands. Partially replacing fluorine for chloride results in a decrease of the
ionic charge on the barium atom, thus shifting the absorption edge to lower energies.
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Figure 4.9. Fits of the Fourier-transform of the EXAFS spectrum in the 1.5−4.5 Å range.
Experimental (hollow black circles) and calculated radial functions (solid black line) are shown.
Nominal total rare-earth concentrations are indicated.
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Table 4.3. Structural analysis of Er:Yb:BaFCl nanocrystals.
0.50 mol. %
Rietveld

PDFe

EXAFSf

a (Å)

4.3899(6)

4.368(9)

c (Å)

7.2327(15)

7.26(3)

V (Å3)

139.38(6)

138.4(1.2)

zMa

0.20609(13)

0.2062(9)

0.201(3)

zX

0.6480(6)

0.644(4)

0.680(5)

UMb

0.61(3)

1.63(19)

UFb, σ2Fc

2.4(3)

7.2(1.3)

0.013(5)

UClb, σ2Clc

1.84(9)

4.8(9)

0.014(6)

M−F (Å)

2.6532(6)

2.647(12)

2.631(14)

M−Cl (Å)

3.2785(14)

3.275(19)

3.221(12)

M−Clc (Å)

3.196(4)

3.18(5)

3.47(5)

Bond valence sumd

2.21

2.25

2.28

Residual (%)

Rwp = 2.5

Rw = 12.1

R = 2.2

Rietveld

PDFe

EXAFSf

a (Å)

4.3847(8)

4.359(10)

c (Å)

7.249(2)

7.27(4)

V (Å3)

139.36(7)

138.2(1.3)

zMa

0.20621(16)

0.2064(10)

0.201(3)

zX

0.6470(7)

0.643(4)

0.680(4)

1.50 mol. %
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UMb

0.55(3)

1.7(2)

UFb, σ2Fc

3.2(4)

7.6(1.4)

0.014(4)

UClb, σ2Clc

1.91(11)

5.1(9)

0.014(5)

M−F (Å)

2.6534(8)

2.646(12)

2.634(11)

M−Cl (Å)

3.2779(17)

3.27(2)

3.218(10)

M−Clc (Å)

3.195(5)

3.18(5)

3.47(4)

Bond valence sumd

2.21

2.26

2.28

Residual (%)

Rwp = 2.9

Rw = 13.0

R = 1.3

Rietveld

PDFe

EXAFSf

a (Å)

4.3838(9)

4.359(10)

c (Å)

7.256(2)

7.27(4)

V (Å3)

139.45(8)

138.2(1.3)

zMa

0.20590(18)

0.2062(10)

0.202(3)

zX

0.6465(7)

0.643(4)

0.679(5)

UMb

0.65(3)

1.7(2)

UFb, σ2Fc

3.3(4)

7.7(1.4)

0.013(4)

UClb, σ2Clc

1.93(12)

5.1(1.0)

0.015(5)

M−F (Å)

2.6527(8)

2.645(12)

2.636(11)

M−Cl (Å)

3.2797(19)

3.27(2)

3.218(10)

M−Clc (Å)

3.197(6)

3.18(5)

3.46(4)

Bond valence sumd

2.21

2.26

2.28

3.00 mol. %
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Residual (%)

Rwp = 3.0

Rw = 14.2

R = 1.3

Rietveld

PDFe

EXAFSf

a (Å)

4.3878(13)

4.363(10)

c (Å)

7.250(3)

7.25(4)

V (Å3)

139.58(12)

138.0(1.3)

zMa

0.2055(3)

0.2057(10)

0.202(3)

zX

0.6456(10)

0.645(4)

0.680(5)

UMb

0.59(5)

1.7(2)

UFb, σ2Fc

4.6(6)

7.2(1.4)

0.013(4)

UClb, σ2Clc

1.68(17)

4.8(1.0)

0.014(5)

M−F (Å)

2.6518(12)

2.643(12)

2.636(11)

M−Cl (Å)

3.285(3)

3.27(2)

3.220(10)

M−Clc (Å)

3.191(8)

3.18(5)

3.47(4)

Bond valence sumd

2.20

2.27

2.27

Residual (%)

Rwp = 4.2

Rw = 16.4

R = 1.3

PDFe

EXAFSf

4.50 mol. %

6.00 mol. %
Rietveld
a (Å)

n/a

c (Å)
V (Å3)

X-ray total scattering data for this sample was

zMa

not collected due to beam issues

0.201(3)

100
zX

0.681(5)

UMb

a

UFb, σ2Fc

0.013(5)

UClb, σ2Clc

0.015(6)

M−F (Å)

2.634(13)

M−Cl (Å)

3.219(12)

M−Clc (Å)

3.48(5)

Bond valence sumd

2.27

Residual (%)

R = 1.9

Er:Yb:Ba ratios used in Rietveld and PDF analyses:
0.0005:0.0044:0.9995 (0.50 mol. %),
0.0016:0.0117:0.9867 (1.5 mol. %),
0.0037:0.0258:0.9705 (3.0 mol. %),
0.0053:0.0380:0.9567 (4.5%).
b
Given as 100 × U.
c
U values are given for Rietveld and PDF analyses. σ2 values are given for EXAFS analyses.
d
Bond valence parameters: B = 0.37 Å; Ro = 2.188 (Ba−F) and 2.69 (Ba−Cl).
e
Fits in the 1.6−8 Å range. f Starting structural models were derived from Rietveld analyses.
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Table 4.4. Structural parameters from EXAFS analysis of Er:Yb:BaFCl nanocrystals.
0.50 mol.
1.50 mol.
3.00 mol. 4.50 mol. 6.00 mol.
%

%

%

%

%

S0 2

1.1(2)

1.03(15)

0.91(13)

0.98(14)

1.06(18)

∆E0 (eV)

1.6(6)

1.6(5)

1.7(5)

1.7(5)

1.6(6)

zBa

0.201(3)

0.201(3)

0.202(3)

0.202(3)

0.201(3)

zCl

0.680(5)

0.680(4)

0.679(5)

0.680(5)

0.681(5)

0.009(6)

0.010(4)

0.009(4)

0.009(4)

0.011(11)

0.013(5)

0.014(4)

0.013(4)

0.013(4)

0.013(5)

0.014(6)

0.014(5)

0.015(5)

0.014(5)

0.015(6)

Ba−F (Å)

2.631(14)

2.634(11)

2.636(11)

2.636(11)

2.634(13)

Ba−Cl (Å)

3.221(12)

3.218(10)

3.218(10)

3.220(10)

3.219(12)

Ba−Clc (Å)

3.47(5)

3.47(4)

3.46(4)

3.47(4)

3.48(5)

Ba−Clc′ (Å)

3.76(5)

3.78(4)

3.79(4)

3.79(4)

3.77(5)

Ba−Ba′ (Å)

4.25(3)

4.26(3)

4.27(3)

4.26(3)

4.26(3)

Ba−Ba′′ (Å)

4.390

4.385

4.384

4.388

4.388

Residual (%)

R = 2.2

R = 1.3

R = 1.3

R = 1.3

R = 1.9

σ2Ba′ (Å2)
2

σ

a

2

Ba′′ (Å

)

Na = 4
N=4

σ2F (Å2)

N=4

σ2Cl (Å2)

N=4

σ2Clc (Å2)

N=1

σ2Clc′ (Å2)

N=1

N: number of backscatterers.
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The ability of Er:Yb:BaFCl nanocrystals to perform NIR-to-visible light upconversion was
probed using steady-state and time-resolved spectrofluorometry. Emission spectra collected under
980 nm excitation is shown in Figure 4.10 for Er:Yb:BaFCl nanocrystals. Three major emission
bands arising from intraconfigurational f−f transitions of the Er3+ activator are observed upon
excitation of the Yb3+ sensitizer. These transitions are 2H11/2 → 4I15/2 (525 nm, green), 4S3/2 → 4I15/2
(545 nm, green), and 4F9/2 → 4I15/2 (660 nm, red). The integrated intensities of the corresponding
emission bands increase with the total rare-earth concentration, indicating that concentration
quenching does not occur (see Figure 4.11). Power-dependent measurements are consistent with

Figure 4.10. Emission spectra of Er:Yb:BaFCl nanocrystals under 980 nm excitation. Nominal
total rare-earth concentrations and red-to-green ratios (R/G) are indicated.
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two-photon upconversion processes for all three emission bands (see Figure 4.12). A very weak
emission band centered at 410 nm is also observed. This emission corresponds to the 2H9/2 → 4I15/2
transition of Er3+ and its appearance indicates that three-photon upconversion occurs in
Er:Yb:BaFCl nanocrystals. The spectral distribution of the upconverted photons is characterized
by a red-to-green ratio in the 10−12 range and a yellow emission visible to the naked eye. Red-togreen ratios were computed as the quotient between the integrated intensity of the band centered
at 660 nm and the sum of the integrated intensities of the bands centered at 525 and 545 nm. No
dependence of the spectral distribution on the rare-earth concentration and the excitation density
is observed within the 0.5−2.3 W cm−2 range. Nanocrystals featuring a 4.50 mol. % rare-earth
concentration are the sole exception to this trend. For this composition, a red-to-green ratio equal
to ≈25 is consistently observed for different batches; accordingly, these nanocrystals show orange
red emission.

Figure 4.11. Integrated intensities of the red and green emissions of Er:Yb:BaFCl nanocrystals as
a function of the experimental total rare-earth concentration. Intensities are normalized relative to
the red emission of the most concentrated sample. Dotted lines are guides-to-the-eye.
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Figure 4.12. Double logarithmic plots of the integrated emission intensities at 525 (2H11/2 → 4I15/2,
), 545 (4S3/2 → 4I15/2, ), and 660 nm (4F9/2 → 4I15/2, ) as a function of the excitation density.
Nominal total rare-earth concentrations are indicated. Linear fits are depicted as dashed lines and
the corresponding slopes are given.
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Insight into the distribution and room-temperature excited-state dynamics of the Er3+
emitters in the BaFCl lattice was gained using time-resolved spectrofluorometry. Luminescence
decays arising from the relaxation of the 2H11/2 (525 nm), 4S3/2 (545 nm), and 4F9/2 (660 nm) states
of Er3+ were fit with the biexponential function given by equation (1).
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− /
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(1)

Here, I(t) is the total luminescence intensity at time t, and A, Along, and Ashort are constants.
and

are the lifetimes of the long- and short-lived emitters, respectively. The fractional

contribution of each emitter to the total luminescence intensity was computed using equations (2)
and (3).
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−c, where the
Results from time-resolved luminescence analysis are summarized in Figures 4.13a−
lifetime and fractional contribution of each emitter are plotted as a function of the experimental
rare-earth concentration. Decay curves, biexponential fits, and numerical results are given in the
Figure 4.14 and Table 4.5. The presence of long- and short-lived Er3+ emitters in BaFCl
nanocrystals is in line with previous studies of rare-earth-doped alkaline-earth fluorohalide
upconverters.85,100,101 Emission from both activators is observed across the entire doping range
studied in this work. Their lifetimes and fractional contributions to the luminescence emission,
however, depend on the rare-earth concentration. Lifetimes of the 2H11/2, 4S3/2, and 4F9/2 states of
both emitters decrease upon increasing concentration. Lifetimes of the long-lived emitter drop
from ≈600 to 370 µs (2H11/2 and 4S3/2, green emission) and from 680 to 550 µs (4F9/2, red emission).
For the short-lived emitter, lifetimes decrease from ≈170 to 80 µs (2H11/2 and 4S3/2) and from 180
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to 140 µs (4F9/2). Regarding the fractional contributions of each type of Er3+ emitter, we note that
luminescence emission is dominated by long-lived emitters at low concentrations and by shortlived emitters at high concentrations. The contribution of short-lived emitters increases from 23 to
66% (2H11/2, 525 nm), 11 to 80% (4S3/2, 545 nm), and 34 to 80% (4F9/2, 660 nm). These findings
indicate that the excited-state dynamics of Er3+ emitters change in a systematic fashion upon
increasing the total rare-earth concentration in the BaFCl lattice. This observation along with the
nearly quantitative incorporation of rare-earth dopants demonstrate that solution thermolysis of
Ba5(CF2ClCOO)10·7H2O provides access to mixed-halide upconverting nanocrystals with welldefined composition and luminescence response.

Figure 4.13. Lifetimes of long- and short-lived Er3+ emitters in BaFCl and percent contributions
to the emission intensities at 525, 545, and 660 nm as a function of the experimental rare-earth
concentration. Dotted lines are guides-to-the-eye.
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Figure 4.14. Decay curves of the 2H11/2 (525 nm), 4S3/2 (545 nm), and 4F9/2 (660 nm) excited states
of Er3+ in Er:Yb:BaFCl nanocrystals. Nominal total rare-earth concentrations, red-to-green ratios
(R/G), and lifetimes for long- and short-lived emitters (τlong and τshort) are indicated. Biexponential
fits are depicted as solid red lines. Plots are shown in logarithmic scale.

108
Table 4.5. Excited states lifetimes and percent contributions of long- and short-lived emitters to
the emissions at 525, 545, and 660 nm.
Experiment

525 nm

al

R/

[Er] + [Yb]

G

545 nm

660 nm

τl

Cl

τs

Cs

τl

Cl

τs

Cs

τl

Cl

τs

Cs

(μs)

(%)

(μs)

(%)

(μs)

(%)

(μs)

(%)

(μs)

(%)

(μs)

(%)

(mol. %)
0.496

11

586

77

168

23

576

89

160

11

681

66

184

34

1.32

12

600

80

148

20

568

93

147

7

644

68

140

32

2.95

12

443

71

97

29

480

61

91

39

559

57

136

43

4.33

25

407

61

107

39

464

64

88

36

587

45

129

55

5.86

10

372

34

83

66

366

20

81

80

549

20

140

80

a

τlong (τl): lifetime of long-lived emitter; τshort (τs): lifetime of short-lived emitter.

b

Clong (Cl): contribution of long-lived emitter; Cshort (Cs): contribution of short-lived emitter

4.4. Conclusions.
A new organic–inorganic hybrid precursor to mixed halides was synthesized and its crystal
structure and reactivity were probed. Thermolysis of metal clorodifluoroacetate precursors in the
solution led to phase-pure BaFCl at temperatures below 300 °C. The chlorodifluoromethyl group
acted as a built-in dual source of chlorine and fluorine, eliminating the need for external
chlorinating and fluorinating agents. Solution thermolysis in presence of Yb3+−Er3+
sensitizer−activator pairs yielded Er:Yb:BaFCl upconverting nanocrystals. Nanocrystals featured
spherical shape with an average diameter of ≈20 nm and rare-earth concentrations up to ≈6.00 mol.
%. The excited-state dynamics of Er3+ emitters showed a well-defined dependence on the rareearth concentration. Altogether, these findings show that heterohaloacetates serve as dual halogen
sources to access mixed-halide optical materials at temperatures compatible with solution
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processing. The commercial availability of monocarboxylic acids featuring heterohalomethyl
groups with varying ratios of the two halogens should make our synthetic strategy of general
applicability to a broad range of mixed halides. Additionally, the ability the of halogenated
monocarboxylates to bridge metals with distinct electronic and steric requirements102,103 should
enable the preparation of hybrid precursors for mixed-metal mixed-halide materials. A multiplicity
of synthetic levers is therefore at hand to further expand the chemistry presented in this article.
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Alkaline-earth fluorohalide nanocrystals for upconversion thermometry.
The bulk of the text in this chapter was reproduced from Perera, S.S.; Dissanayake, K.T.;
and Rabuffetti,
F.A. “Alkaline-Earth
Fluorohalide Nanocrystals
for Upconversion
Thermometry”. Journal of Luminescence 2019, 207, 416–423 with permission. All rights to the
work are retained with the authors.
5.1. Introduction.
5.1.1. Goals and strategies.
NIR-to-visible light upconverting nanomaterials are being actively developed as optical
temperature sensors for photonic and biophotonic applications. The functionality of these materials
stems from temperature-driven changes of the relative intensities of two luminescence emission
bands (luminescence intensity ratio) or of the decay rate of the luminescence emission
(luminescence lifetime). Owing to their scalable and robust synthesis as well as to their sensitivity
near room-temperature, rare-earth-doped fluorides are among the most extensively studied
upconverting nanomaterials.12,104-106 An activator−sensitizer rare-earth pair such as Er−Yb doped
into a fluoride host such as NaYF4 constitutes the archetypical upconverting nanothermometer.12
The library of crystalline hosts for activator−sensitizer upconverting pairs includes numerous
binary,107 ternary,108 and quaternary109 oxides, oxisulfides,110,111 and phosphates.112,113 However,
there is a continuous need for novel host materials offering higher temperature sensitivity and
accuracy over a broad temperature range.
Recently, the potential of alkaline-earth fluorohalides MFX (M = Ca, Sr, Ba; X = Cl, Br,
I) as hosts for activator−sensitizer upconverting pairs was demonstrated.84,85,114,115 This family of
materials consists of nine isostructural members obtained via isovalent substitution of the alkalineearth cation and heavy halide anion.65,66 Its chemical and structural tunability offers the potential
to achieve compositional tuning of temperature-dependent energy-transfer processes relevant to
optical temperature sensing. Vibrational energies, which play a critical role in these processes, are
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one of the features that can be systematically tuned via chemical substitution.70-72,74,75 Interestingly,
scarce literature exists on the temperature-dependent luminescence response of rare-earth-doped
alkaline-earth fluorohalides. Previous investigations focused solely on downconverting
fluorohalide phosphors doped with divalent rare-earth ions.63,116 The temperature-dependent
luminescence of upconverting fluorohalide nanocrystals has not been investigated. Herein we
report an investigation of the luminescence of Er:Yb:SrFCl and Er:Yb:SrFBr upconverting
nanocrystals in the 100−450 K temperature range. Thermometric sensitivities resulting from the
emissions of 2H11/2 and 4S3/2 thermally coupled levels of the Er3+ activator were computed and
compared with those reported for other Er−Yb codoped binary and ternary fluorides and oxides.
The thermal quenching characteristics of individual Er3+ emitters present in Er:Yb:SrFCl and
Er:Yb:SrFBr nanocrystals were established to rationalize the luminescence response of the
ensemble. The impact of the nanocrystal’s chemical composition and crystal structure on energytransfer processes relevant for temperature-dependent light emission was assessed.
5.1.2. Chapter organization.
This chapter is organized as follows: In the Experimental section, two-step procedure
employed for the synthesis of Er:Yb:SrFCl and Er:Yb:SrFBr nanocrystals are described. Then the
standard procedures employed for the chemical, structural, morphological, and temperaturedependent luminescence characterizations are described. This includes powder X-ray diffraction,
transmission electron microscopy imaging, thermal analysis, inductively coupled plasma-mass
spectrometry, and variable-temperature spectrofluorometry.
In the Results and discussion section, steady-state and luminescence decays of the 2H11/2 and
4

S3/2 thermally coupled levels of the Er3+ activator were probed in the 100−450 K temperature

range.
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5.2. Experimental.
5.2.1. Syntheses.
5.2.1.1. Materials.
All experiments were carried out under nitrogen atmosphere using standard Schlenk
techniques. Er2O3 (99.99%), Yb2O3 (99.9%), SrCO3 (99.9%), BaCO3 (99.98%) anhydrous
CF3COOH (99%), CCl3COOH (99%), CBr3COOH (99%), oleic acid (OA, 90%), and 1octadecene (ODE, 90%) were used as reagents. All chemicals were purchased from Sigma Aldrich
and used without further purification. CCl3COOH and CBr3COOH were stored and handled in a
nitrogen-filled glove box (oxygen and water levels below 1 ppm). CF3COOH was stored in storage
flasks under a nitrogen atmosphere.
5.2.1.2. Synthesis of Er:Yb:SrFCl and Er:Yb:SrFBr.
The nominal metal content (i.e., Er:Yb:Sr molar ratio) of the reaction mixtures employed
to prepare Er:Yb:SrFX nanocrystals was 0.0170:0.1500:0.8330 mmol. The synthetic and work-up
procedures have been described in detail in Chapter 2, section 2.2.6.
5.2.1.3. Chemical, structural, morphological, and luminescence characterization.
5.2.1.3.1. X-ray diffraction.
5.2.1.3.1.1. Powder X-ray diffraction (PXRD).
PXRDs were collected according to the procedure described in Chapter 2, section 2.3.1.1.
5.2.1.3.2. Transmission electron imaging (TEM).
Sample preparation and analysis were described in Chapter 2 section 2.3.2.
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5.2.1.3.3. Thermal analysis (TGA–DTA).
Thermogravimetric and differential thermal analyses were conducted using an SDTQ600
TGA−DTA analyzer (TA Instruments). ≈5–20 mg of sample were heated at 35 °C for 30 min under
flowing nitrogen (20 mL min–1) and then ramped to 200 °C at a rate of 10 °C min–1.
5.2.1.3.4. Inductively coupled plasma mass spectrometry (ICP-MS).
A procedure similar to that described in Chapter 3, section 3.2.1.6.3 was used
5.2.1.3.5. Spectrofluorometry.
The detailed procedure was illustrated in Chapter 2, section 2.3.5.
5.2.1.3.6. Variable-temperature spectrofluorometry.
The detailed procedure was illustrated in Chapter 2, section 2.3.6.
5.3. Results and discussion.
Powder XRD patterns of Er:Yb:SrFCl and Er:Yb:SrFBr nanocrystals are shown in Figures
5.1a and 5.1b, respectively. All the diffraction maxima were indexed to the tetragonal P4/nmm
space group of SrFCl and SrFBr phases (PDF No. 00–024–1192 for SrFCl, a = 4.12 Å, c = 6.70
Å; PDF No. 01–076–1287 for SrFBr, a = 4.21 Å, c = 7.39 Å). No additional peaks were observed,
demonstrating the absence of other crystalline phases. ICP−MS analyses showed the Er3+ and Yb3+
concentrations in SrFCl to be 0.67 and 3.8 mol.%, respectively. Er3+ and Yb3+ concentrations in
SrFBr were determined to be 0.15 and 0.50 mol.%, respectively, in good agreement with those
previously reported for these nanocrystals.85,115 TEM images given in Figures 5.1c and 5.1d
showed that Er:Yb:SrFCl nanocrystals exhibited an average size of 19.5 nm and irregular shape,
while Er:Yb:SrFBr nanocrystals were quasispherical with an average diameter of 59.2 nm.
TGA−DTA analyses were employed to probe the chemical stability of the nanocrystals at
temperatures up to 200 °C (473 K), slightly above the maximum temperature used for collection
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of emission spectra and luminescence decays. Thermograms of Er:Yb:SrFCl and Er:Yb:SrFBr are
shown in Figures 5.1e and 5.1f, respectively. Both compositions showed comparable weight
losses of ≈1−1.5 wt. %. Weight losses were accompanied by a broad endothermic peak, suggesting
these resulted from desorption and pyrolysis of physisorbed and chemisorbed surface ligands.

Figure 5.1. (a,b) Powder XRD patterns, (c,d) TEM images, and (e,f) thermograms of Er:Yb:SrFCl
and Er:Yb:SrFBr nanocrystals. Size distribution histograms in (c) and (d) were obtained after
counting 300 nanocrystals. Total weight losses are indicated in (e) and (f).
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Powder XRD confirmed the products of thermal analyses were phase-pure fluorohalides (Figure
5.2). Therefore, neither the chemical nor the structural integrity of Er:Yb:SrFCl and Er:Yb:SrFBr
nanocrystals were affected by heating up to 200 °C.

Figure 5.2. Powder XRD patterns of (a) Er:Yb:SrFCl and (b) Er:Yb:SrFBr after thermal treatment
at 200 °C under flowing nitrogen.
The temperature-dependent luminescence response of the nanocrystals was first probed
using steady-state spectrofluorometry. For clarity, only half of the emission spectra we collected
is shown in Figures 5.3a and 5.3b. For each set of spectra, the integrated intensities of the
emission bands centered at 525 and 545 nm are plotted as a function of temperature. 525 and 545
nm emissions resulted from the 2H11/2 → 4I15/2 and 4S3/2 → 4I15/2 f−f transitions of the Er3+ activator,
respectively. Power-dependent measurements reported in Chapter 3, Figure 3.14 demonstrated
both emissions resulted from two-photon upconversion as illustrated by the Dieke diagram given
in Figure 5.3c. Inspection of the temperature-dependence of the integrated emission intensities
pointed to the existence of low- (100−275 K) and high-temperature regimes (325−450 K) for both
Er:Yb:SrFCl and Er:Yb:SrFBr. Interestingly, room-temperature was the midpoint of the transition
window (275−325 K) between these regimes. In the low-temperature regime, green emissions
from the 2H11/2 and 4S3/2 levels displayed a qualitatively similar temperature-dependence for
Er:Yb:SrFCl and Er:Yb:SrFBr. As expected for a pair of thermally coupled levels, the intensity of
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the emission resulting from the upper level (2H11/2) increased with temperature, while that of the
lower level (4S3/2) decreased. In the high-temperature regime, on the other hand, the temperaturedependent luminescence responses of Er:Yb:SrFCl and Er:Yb:SrFBr were remarkably different.
Aside from an anomaly in the midpoint of the transition window, Er:Yb:SrFBr displayed the
behavior expected for the emissions from a pair of thermally coupled levels. By contrast, the
intensity of the emissions from both the 2H11/2 and 4S3/2 Er3+ levels in Er:Yb:SrFCl increased upon
increasing temperature. This increase was significantly more pronounced for the 2H11/2 level and
occurred after an anomalous drop of the emission intensities between 300 and 325 K. Altogether,

Figure 5.3. Steady-state emission spectra of (a) Er:Yb:SrFCl and (b) Er:Yb:SrFBr nanocrystals in
the 100−450 K temperature range. Integrated intensities of the emission bands corresponding to
the 2H11/2 → 4I15/2 (525 nm) and 4S3/2 → 4I15/2 (545 nm) transitions are plotted as a function of
temperature for each set of spectra; dotted lines are guides-to-the-eye. Dashed vertical lines depict
the low- (100−275 K) and high-temperature (325−450 K) regimes and the transition window
(275−325 K). (c) Dieke diagram illustrating two-photon upconversion from an Er3+−Yb3+ pair.
Green emissions from the 2H11/2 and 4S3/2 thermally coupled levels are shown with solid arrows.
Dashed and curly arrows depict energy-transfer and vibrational relaxation, respectively.
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these observations showed that the transition between the low- and high-temperature regimes
disrupted the thermal coupling between 2H11/2 and 4S3/2 levels to a much greater extent in
Er:Yb:SrFCl than in Er:Yb:SrFBr.
The steady-state temperature-dependent response of rare-earth-doped fluorohalide
nanocrystals was quantitatively analyzed to screen their potential for optical thermometry in the
100−450 K temperature range. Three metrics were computed: the ratio of the integrated intensities
of the bands centered at 525 and 545 nm (R(T), equation (5.1)), the absolute sensitivity (SA,
equation (5.2)), and the relative sensitivity (SR, equation (5.3)).
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R(T), SA, and SR values for Er:Yb:SrFCl and Er:Yb:SrFBr are given in Figure 5.4. R(T) values for
Er:Yb:SrFCl were fit with a Boltzmann distribution (equation (5.4))117 in the low-temperature
regime and with a linear regression in the high-temperature regime (equation (5.5)).
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Here A, A′, B, and B′ were constants, ΔE was the energy gap between the 2H11/2 and 4S3/2 levels, kB
was Boltzmann’s constant, and T was the absolute temperature. R(T) values for Er:Yb:SrFBr were
fit with a Boltzmann distribution in the entire temperature range. As shown in Figure 5.4a,
adequate fits to the experimental R(T) values were obtained in all cases. 2H11/2-to-4S3/2 energy gaps
extracted from Boltzmann’s fits were 482 and 751 cm−1 for Er:Yb:SrFCl and Er:Yb:SrFBr,
respectively. The latter value was in excellent agreement with the experimental energy gap
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extracted from the Er:Yb:SrFBr emission spectra, which was estimated to be 730 (712) cm−1 at
175 (300) K. On the other hand, the energy gap calculated from a Boltzmann fit to the experimental
Er:Yb:SrFCl data deviated significantly from that extracted from the emission spectra, which was
estimated to be 731 cm−1 at 175 K (723 cm−1 at 300 K). Experimental energy gaps were estimated
by computing the difference between the centroids of bands at 525 and 545 nm (Figure 5.5); values
thus obtained were comparable to those reported for Er3+ in Er:Yb:SrF2.105 The large difference
observed between the calculated and experimental energy gap in Er:Yb:SrFCl indicated that other
energy-transfer processes besides thermalization (e.g., phonon-assisted energy migration)
operated to a greater extent than in Er:Yb:SrFBr.117,118 The higher Er3+ concentration in
Er:Yb:SrFCl (≈0.67 vs 0.15 mol. % in Er:Yb:SrFBr) and their smaller size (19.5 vs 59.2 nm
Er:Yb:SrFBr nanocrystals) provided the chemical and structural bases for these processes to be
active. Inspection of R(T) and SA values plotted in Figures 5.4a and 5.4b revealed differences
between the thermal sensitivity of the two compositions studied in this work. As shown in Figure
5.4c, these were further confirmed by plotting SR values as a function of temperature. Relative
sensitivity values allow the temperature-dependent luminescence response of different materials
to be compared. In the low-temperature regime, Er:Yb:SrFCl and Er:Yb:SrFBr displayed
maximum relative sensitivities of 3.2 × 10−2 K−1 (125 K) and 2.1 × 10−2 K−1 (175 K), respectively.
Near room-temperature sensitivities were estimated to be 9.4 × 10−3 K−1 for Er:Yb:SrFCl (325 K)
and 1.1 × 10−2 K−1 for Er:Yb:SrFBr (300 K). Comparison of these figures with those reported for
Er3+−Yb3+ activator−sensitizer pairs doped into different hosts was restricted by the dependence
of upconversion emission on excitation power density, and by the limited number of studies
focusing on the low-temperature regime. Relative sensitivities computed in the low-temperature
regime for Er:Yb:SrFBr and Er:Yb:SrFCl were comparable to those reported for 8 nm
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Er:Yb:NaYF4 nanocrystals (2.1 × 10−2 K−1 at 200 K),113 but lower than that of 50 nm Er:Yb:Y2O3
crystals (5.3 × 10−2 K−1 at 150 K).107 Sensitivities of the fluorohalide nanocrystals near roomtemperature were comparable to those observed in 41 nm Er:Yb:SrF2 crystals (1.2 × 10−2 K−1 at
303 K),105 250 nm Er:Yb:PbF2 crystals (1.2 × 10−2 K−1 at 303 K),119 200 nm Er:Yb:NaYF4 crystals
(1.1 × 10−2 K−1 at 300 K),113 and 50 nm Er:Yb:Y2O3 crystals (1.3 × 10−2 K−1 at 300 K).107
Altogether, these results highlighted the potential of rare-earth-doped alkaline-earth fluorohalides
as optical thermometers, particularly in the low-temperature regime.

Figure 5.4. (a) Temperature-dependent fluorescence intensity ratio R(T), (b) absolute sensitivity
SA, and (c) relative sensitivity SR of Er:Yb:SrFCl and Er:Yb:SrFBr nanocrystals. Analytical
expressions and parameters used to fit experimental R(T) values are given and the corresponding
fits are depicted as solid lines in (a). Dotted lines shown in (b) and (c) are guides-to-the-eye.
Dashed vertical lines depict the low- and high-temperature regimes and the transition window.
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Figure 5.5. 2H11/2-to-4S3/2 experimental energy gaps (∆E) of Er3+ doped into (a) SrFCl and (b)
SrFBr nanocrystals at 175 and 300 K. The barycentric positions of the emission bands centered
at 525 and 545 nm were estimated by fitting each band with a series of Gaussian−Lorentzian
functions, and subsequently computing their area-weighted arithmetic average. Experimental
spectra (×
×) and fits ( ) are shown along with the position of the centroids and the magnitude of
the energy gap ( ┫).
The origin of the temperature-dependent response of Er:Yb:SrFCl and Er:Yb:SrFBr
upconverters was further investigated by probing their luminescence decays. 2H11/2 → 4I15/2 (525
nm) and 4S3/2 → 4I15/2 (545 nm) decays were collected in the 100−450 K temperature range and fit
with a biexponential function given by equation (5.6).
1

;

,$ =

$ +

==

$

− /

==

$

+

,=

$

− /

,=

$

(5.6)
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Here

1

;

, $ was the total intensity at time t and temperature T,

==

$ and

,=

$ were the

excited-state lifetimes of the long- (LL) and short-lived (SL) Er3+ emitters, respectively, and C(T),
==

$ , and

,=

$ were constants. The fractional contributions of each emitter (>== $ and

>,= $ ) to the total emission intensity at temperature T were computed according to equations
(5.7) and (5.8).
>== $ =

1 @?? 1
?? 1 @?? 1
A? 1 @A? 1

>,= $ =

??

??

A?

1 @A? 1

1 @?? 1

A?

1 @A? 1

(5.7)
(5.8)

We start with the analysis of luminescence decays in Er:Yb:SrFBr. Results from biexponential fits
are shown in Figure 5.6; experimental decay curves and numeric results are given in Figure 5.7
and Table 5.1. Long- and short-lived emitters featured lifetimes in the ≈320−550 and 140−260 µs
ranges, respectively. For both emitters, lifetimes decreased upon increasing temperature from 100
to 450 K. The fractional contribution of the long-lived Er3+ emitter to the 525 and 545 nm bands
decreased upon increasing temperature, while that of the short-lived emitter increased. The
contribution of the long-lived emitter to the 525 nm emission band dropped from 86% at 100 K to
56% at 450 K. Likewise, its contribution to the 545 emission band dropped from 81% at 100 K to
70% at 450 K. Thus, the 525 and 545 nm emissions from the long-lived Er3+ appeared to be more
easily quenched than those from the short-lived emitter (Figure 5.8). The thermal quenching
characteristics of the 4S3/2 level of these emitters were assessed by double fitting a single-barrier
quenching model to their temperature-dependent luminescence decay and integrated intensity at
CDD

CDD

545 nm. The effective rate constant (B== $ or B,=

$ ) and the normalized integrated intensity
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(

==

$ or

,=

$ ) were simultaneously fit using equation pairs (5.9)−(5.10) (long-lived emitter)

and (5.11)−(5.12) (short-lived emitter).
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Here B 0 was the radiative constant, B 51 was the non-radiative energy-transfer rate, S; was the
activation energy for non-radiative energy-transfer, and D, G, D′, and G′ were constants. The
intensity of each emitter was computed from the total intensity of the 545 nm emission band
according to equations (5.13) and (5.14).
==
,=

$ = >== $

$ = >,= $

1

;

1

;

$

$

(5.13)
(5.14)
CDD

CDD

Double fits were carried out in both low- and high-temperature regimes. B== $ , B,=
and

,=

$ ,

==

$ ,

$ values employed in these fits can be found in Tables 5.1 and 5.2. The corresponding

results are shown in Figure 5.9, along with photophysical parameters B 0 , B 51 , and S; for each
emitter and fit residuals R2. Inspection of the fits demonstrated that the single-barrier model
adequately described the temperature-dependent luminescence response of long- and short-lived
Er3+ emitters present in Er:Yb:SrFBr. Activation energies of 578 and 600 cm−1 were extracted for
the non-radiative energy-transfer from the 4S3/2 level of the long- and short-lived emitters in the
low-temperature regime, respectively. The corresponding activation energies for thermal
quenching in the high-temperature regime were 670 and 701 cm−1. These results confirmed that

123
long-lived emitter was more sensitive to thermal quenching in the entire temperature range. For
both temperature regimes, the magnitude of the activation energies was consistent with energytransfer processes assisted by 2−3 maximum-energy phonons (phonon energy cut-off in SrFBr:
≈241 cm−1).75 In the low-temperature regime, activation energies for non-radiative energy-transfer
from the 4S3/2 level were smaller than the experimental 2H11/2-to-4S3/2 energy gap, suggesting that
other phonon-assisted energy-transfer processes besides thermalization (e.g., energy migration)
contributed to the depopulation of the 4S3/2 level. In the high-temperature regime, on the other
hand, excellent agreement between the activation energy and the 2H11/2-to-4S3/2 energy gap was
observed, indicating that thermalization was the dominant depopulation pathway. We note that the
contribution of 4S3/2 → 4F9/2 multiphonon relaxation to the depopulation of the 4S3/2 level was
negligible because the energy-gap between these two levels was ≈3220 cm−1 and the phonon
energy cut-off was ≈241 cm−1 (i.e., 13th order process). The decrease of the emission intensity from
the 4F9/2 → 4I15/2 transition upon increasing the temperature gave further support to this conclusion
(Figure 5.10).
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Figure 5.6. Kinetic analyses of the (a) 2H11/2 → 4I15/2 and 4S3/2 → 4I15/2 luminescence decays in
Er:Yb:SrFBr nanocrystals. Lifetimes and fractional contributions of the long- and short-lived Er3+
emitters to the 525 and 545 nm bands are given. Dotted lines are guides-to-the-eye. Dashed vertical
lines depict the low- and high-temperature regimes and the transition window.
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Figure 5.7. Temperature-dependent luminescence decays of the 2H11/2 (525 nm) and 4S3/2 (545
nm) excited states of Er3+ in Er:Yb:SrFBr nanocrystals. Biexponential fits are depicted as solid red
lines. Plots are shown in logarithmic scale.
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Table 5.1. Biexponential fits to the luminescence decays of Er:Yb:SrFBr nanocrystals.
2
H11/2 → 4I15/2 – 525 nm

Long-Lived Er3+
Lifetime
T (K)
==

(µs)

CDD

B==

Short-Lived Er3+

Contribution

(s−1)

>== (%)

Lifetime
,=

(µs)

CDD

B,=

Contribution

(s−1)

>,= (%)

100

553

1809

83.4

242

4132

16.6

125

543

1842

83.7

260

3846

16.3

150

533

1875

82.8

260

3845

17.2

175

516

1938

82.5

254

3931

17.5

200

504

1985

78.0

260

3849

22.0

225

474

2109

77.7

247

4045

22.3

250

450

2221

74.5

242

4125

25.5

275

426

2345

74.0

230

4348

26.0

300

387

2585

74.3

206

4850

25.7

325

380

2634

70.6

206

4854

29.4

350

373

2682

67.1

202

4960

32.9

375

363

2753

65.0

194

5163

35.0

400

358

2790

61.5

188

5311

38.5

425

353

2835

60.2

180

5559

39.8

450

354

2824

56.4

179

5602

43.6

4
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Long-Lived Er3+

Short-Lived Er3+
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Lifetime
T (K)
==

(µs)

CDD

B==

Contribution

(s−1)

>== (%)

Lifetime
,=

(µs)

CDD

B,=

Contribution

(s−1)

>,= (%)

100

561

1783

81.0

220

4550

19.0

125

552

1813

81.1

225

4452

18.9

150

538

1859

81.3

223

4486

18.7

175

522

1917

80.2

224

4462

19.8

200

496

2015

80.3

216

4638

19.7

225

465

2150

80.4

203

4929

19.6

250

438

2284

79.1

196

5107

20.9

275

413

2421

79.5

186

5379

20.5

300

369

2713

78.2

166

6010

21.8

325

365

2737

77.6

165

6079

22.4

350

352

2841

76.7

158

6333

23.3

375

343

2912

74.1

155

6447

25.9

400

331

3026

73.4

150

6689

26.6

425

329

3041

70.4

147

6826

29.6

450

323

3092

69.7

141

7092

30.3
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Figure 5.8. Normalized lifetimes of the long-lived (LL) and short-lived (SL) Er3+ emitters
contributing to the 525 and 545 nm bands in Er:Yb:SrFBr. Dashed vertical lines depict the lowand high-temperature regimes and the transition window.

Figure 5.9. Double fits of the single-barrier quenching model to the effective rate constant and
normalized emission intensity of the 4S3/2 level of the (a) long- and (b) short-lived emitters in
Er:Yb:SrFBr nanocrystals. Parameters used to fit experimental values are given in tabular format.
Fits are depicted as solid lines. Dashed vertical lines depict the low- and high-temperature regimes
and the transition window.
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Table 5.2. Contributions of long-lived and short-lived Er3+ emitters to the 545 nm emission in
Er:Yb:SrFBr nanocrystals.
Long-Lived Er3+
Short-Lived Er3+
Intensity Normalized
ITotal

Contribution
>== (%)

ILL

Intensity

(a.u.)

(a.u.)

T (K)

Intensity

Normalized

Contribution
ISL

Intensity

ILL/ILL(100)

>,= (%)

(a.u.)

ISL/ISL(100)

100

1.000

81.0

0.810

1.000

19.0

0.190

1.000

125

0.954

81.1

0.773

0.955

18.9

0.181

0.950

150

0.877

81.3

0.713

0.880

18.7

0.164

0.861

175

0.752

80.2

0.604

0.746

19.8

0.149

0.780

200

0.643

80.3

0.516

0.637

19.7

0.127

0.666

225

0.535

80.4

0.430

0.531

19.6

0.105

0.551

250

0.434

79.1

0.343

0.424

20.9

0.091

0.476

275

0.332

79.5

0.264

0.326

20.5

0.068

0.358

300

0.296

78.2

0.231

0.285

21.8

0.065

0.339

325

0.205

77.6

0.159

0.197

22.4

0.046

0.241

350

0.181

76.7

0.139

0.171

23.3

0.042

0.222

375

0.158

74.1

0.117

0.145

25.9

0.041

0.215

400

0.136

73.4

0.100

0.123

26.6

0.036

0.190

425

0.119

70.4

0.084

0.103

29.6

0.035

0.185

450

0.102

69.7

0.071

0.088

30.3

0.031

0.162
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Figure 5.10. Integrated intensity of the emission from the 4F9/2 level of Er3+ (655 nm) in (a)
Er:Yb:SrFCl and (b) Er:Yb:SrFBr nanocrystals. Dotted lines are guides-to-the-eye. Dashed vertical
lines depict the low- and high-temperature regimes and the transition window.
Luminescence decays in Er:Yb:SrFCl were analyzed using the same approach as in
Er:Yb:SrFBr. Results from biexponential fits to the 2H11/2 → 4I15/2 and 4S3/2 → 4I15/2 decays are
shown in Figure 5.11; experimental decay curves and numeric results are given in Figure 5.12
and Table 5.3. Similar to what was observed in Er:Yb:SrFBr, two optically active Er3+ ions
contributed to the emission bands at 525 and 545 nm. Long- and short-lived emitters featured
lifetimes in the ≈125−230 and 40−75 µs ranges, respectively. In the low-temperature regime,
lifetimes of both emitters decreased upon increasing temperature. Their fractional contributions to
the 525 and 545 emission bands did not show significant changes; long- and short-lived emitters
contributed ≈68 (67)% and 32 (33)%, respectively, to the 525 (545) nm emission band. Inspection
of the temperature-dependence of the normalized lifetimes of the long- and short-lived emitters
showed that, indeed, both had similar thermal quenching characteristics in the low-temperature
regime (Figure 5.13). In the high-temperature regime, on the other hand, the temperaturedependent responses of the two emitters were remarkably different. The lifetimes of the long- and
short-lived emitters increased with temperature, but this increase was significantly more
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pronounced for the latter. Above 325 K, the contribution of the long-lived emitter to the 525 (545)
nm emission band dropped from 67 (65)% at 325 K to 54 (57)% at 450 K. Thus, the increase in
the intensity of both emission bands observed in steady-state spectra collected in this temperature
regime was mainly driven by the response of the short-lived component. Double fits of the singlebarrier model were carried out to probe the thermal quenching characteristics of the 4S3/2 level of
CDD

CDD

the two Er3+ emitters in the low-temperature regime. B== $ , B,=

$ ,

==

$ , and

,=

$ values

employed in these fits can be found in Tables 5.3 and 5.4. The corresponding results are shown
in Figure 5.14, along with photophysical parameters B 0 , B 51 , and S; for each emitter and fit
residuals R2. The single-barrier model adequately described the luminescence response of longand short-lived Er3+ emitters in the low-temperature regime. Nearly identical activation energies
of 477 and 478 cm−1 were extracted for the non-radiative energy-transfer from the 4S3/2 level of the
long- and short-lived emitters, respectively. Activation energy values were significantly smaller
than the experimental 2H11/2-to-4S3/2 energy gap and consistent with energy-transfer processes
assisted by two maximum-energy phonons (phonon energy cut-off in SrFCl: ≈298 cm−1).70 These
processes contributed to the depopulation of the 4S3/2 level and, as mentioned earlier, operated to
a greater extent in the fluorochloride than in the fluorobromide host. Similar to what was observed
in Er:Yb:SrFBr, the contribution of 4S3/2 → 4F9/2 multiphonon relaxation to the depopulation of the
4

S3/2 level in Er:Yb:SrFCl was negligible because the energy-gap between these two levels was

≈3250 cm−1 and the phonon energy cut-off was ≈298 cm−1 (i.e., 11th order process). The decrease
of the emission intensity from the 4F9/2 → 4I15/2 transition upon increasing the temperature gave
urther support to this conclusion (Figure 5.10). The single-barrier model of thermal quenching
was not applicable in the high-temperature regime. In this regime, the responses of the 4S3/2 level
of the long- and short-lived emitters were clearly different. For the former, the effective rate
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constant showed a slight decrease between 325 and 450 K (ca. 4%). In contrast, the effective decay
rate of the short-lived emitter decreased significantly with temperature (ca. 24%) and its emission
intensity increased accordingly. This observation was unexpected and revealed a significant
difference between the local atomic environments of long- and short-lived Er3+ emitters in
Er:Yb:SrFCl and Er:Yb:SrFBr. In the latter, long- and short-lived Er3+ emitters exhibited a
qualitatively similar temperature-dependent response, likely reflecting their similar local atomic
environments and average distances with Yb3+ sensitizers. In Er:Yb:SrFCl, on the other hand, the
atomic environments of the long- and short-lived emitters were dissimilar enough to induce a
significantly different luminescence response in the high-temperature regime. Although the
temperature-dependence of the absorption cross-section of Yb3+ had been invoked to explain the
increasing intensity of the green emission from Er3+,120-122 it did not explain the differences
between Er:Yb:SrFCl and Er:Yb:SrFBr in the high-temperature regime and between long- and
short-lived emitters in the fluorochloride host. We attempted to rationalize the high-temperature
response of the 4S3/2 level of the short-lived emitter by considering the interplay between phononassisted energy-transfer, the temperature dependence of the radiative constant, and the temperature
dependence of the number of emitters. In the high-temperature regime, the effective rate constant
and emission intensity of the 4S3/2 level may be written as shown in equations (5.15) and (5.16),
respectively.
CDD

B,=
,=

$ =

2

A?

1

0
T M51
= B,=
$ + B,=
$

0
$ ∝ V,= $ B,=
$

,=

$

(5.15)
(5.16)

T M51
0
Here B,=
$ was the phonon-assisted energy-transfer rate, B,=
$ was the radiative constant,

and V,= $ was the number of short-lived emitters. Phonon-assisted energy-transfer processes
were expected to operate to a greater extent in Er:Yb:SrFCl than in Er:Yb:SrFBr due to the higher

133
concentration of Er3+ and Yb3+ ions, the higher phonon energy of the fluorochloride host, and the
smaller size of the nanocrystals. However, these processes alone could not explain the decrease of
the effective rate constant upon increasing the temperature, as their rate should increase with
temperature. We therefore turned our attention to the radiative constant of the short-lived emitter.
Although radiative constants are usually considered to be temperature-independent, a radiative
constant that decreased with temperature would be consistent with the observed decrease of the
effective rate constant, especially if phonon-assisted energy-transfer was active. Finally, we
considered the temperature dependence of the number of short-lived emitters, as an increase in
their number would contribute to the observed increase in the emission intensity. Short-range
structural changes induced by heating may lead to an increase in the number of emitters.

Figure 5.11. Kinetic analyses of the (a) 2H11/2 → 4I15/2 and 4S3/2 → 4I15/2 luminescence decays in
Er:Yb:SrFCl nanocrystals. Lifetimes and fractional contributions of the long- and short-lived Er3+
emitters to the 525 and 545 nm bands are given. Dotted lines are guides-to-the-eye. Dashed vertical
lines depict the low- and high-temperature regimes and the transition window.
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Figure 5.12. Temperature-dependent luminescence decays of the 2H11/2 (525 nm) and 4S3/2 (545
nm) excited states of Er3+ in Er:Yb:SrFCl nanocrystals. Biexponential fits are depicted as solid red
lines. Plots are shown in logarithmic scale.
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Table 5.3. Biexponential fits to the luminescence decays of Er:Yb:SrFCl nanocrystals.
2
H11/2 → 4I15/2 – 525 nm
Long-Lived Er3+
Lifetime
T (K)
==

(µs)

CDD

B==

Short-Lived Er3+

Contributio
n >== (%)

(s−1)

Lifetime
,=

(µs)

CDD

B,=

Contribution

(s−1)

100

Low S/N

Low S/N

125

Low S/N

Low S/N

>,= (%)

150

226

4431

65.8

73.8

13557

34.2

175

195

5118

68.2

68.2

14656

31.8

200

181

5527

66.8

64.3

15543

33.2

225

165

6049

65.5

62.5

16004

34.5

250

155

6462

65.4

56.1

17815

34.6

275

115

8661

67.4

40.6

24660

32.6

300

134

7480

67.1

49.8

20079

32.9

325

124

8072

66.5

45.5

22038

33.5

350

128

7813

63.7

50.0

20008

36.3

375

128

7802

60.9

53.1

18836

39.1

400

130

7681

59.4

54.5

18341

40.6

425

132

7576

57.1

57.4

17429

42.9

450

134

7443

54.3

61.0

16405

45.7

4

S3/2 → 4I15/2 – 545 nm

Long-Lived Er3+

Short-Lived Er3+
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Lifetime
T (K)
==

(µs)

CDD

B==

Contributio

(s−1)

n >== (%)

Lifetime
,=

(µs)

CDD

B,=

Contribution

(s−1)

>,= (%)

100

216

4627

68.3

68.4

14626

31.7

125

208

4815

68.5

64.9

15409

31.5

150

194

5167

70.1

59.7

16742

29.9

175

188

5319

67.7

58.5

17094

32.3

200

172

5818

69.3

53.3

18777

30.7

225

163

6121

66.8

52.5

19065

33.6

250

129

7732

66.0

41.6

24047

34.0

275

124

8065

67.0

39.7

25160

33.0

300

133

7500

68.0

45.8

21851

32.0

325

124

8065

64.5

44.0

22708

35.5

350

125

8011

64.7

45.4

22007

35.3

375

127

7883

63.0

48.8

20507

37.0

400

131

7604

59.1

51.6

19398

40.9

425

132

7576

57.3

55.1

18140

42.7

450

132

7576

57.4

56.8

17621

42.6
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Figure 5.13. Normalized lifetimes of the long-lived (LL) and short-lived (SL) Er3+ emitters
contributing to the 525 and 545 nm bands in Er:Yb:SrFCl. Dashed vertical lines depict the lowand high-temperature regimes and the transition window.

Table 5.4. Contributions of long-lived and short-lived Er3+ emitters to the 545 nm emission in
Er:Yb:SrFCl nanocrystals.
Short-Lived Er3+
Long-Lived Er3+
Intensity Normalized
ITotal

Contribution
>== (%)

ILL

Intensity

(a.u.)

(a.u.)

T (K)

Intensity

Normalized

Contribution
ISL

Intensity

ILL/ILL(100)

>,= (%)

(a.u.)

ISL/ISL(100)

100

1.000

68.3

0.683

1.000

31.7

0.317

1.000

125

0.846

68.5

0.580

0.849

31.5

0.266

0.841

150

0.684

70.1

0.480

0.702

29.9

0.204

0.644

175

0.567

67.7

0.384

0.562

32.3

0.183

0.577

200

0.439

69.3

0.305

0.446

30.7

0.135

0.425

225

0.365

66.8

0.244

0.357

33.6

0.123

0.387

250

0.299

66.0

0.198

0.289

34.0

0.102

0.321

275

0.245

67.0

0.164

0.241

33.0

0.081

0.255

138
300

0.231

68.0

0.157

0.230

32.0

0.074

0.234

325

0.143

64.5

0.092

0.135

35.5

0.051

0.160

350

0.189

64.7

0.122

0.179

35.3

0.067

0.210

375

0.218

63.0

0.137

0.201

37.0

0.080

0.254

400

0.229

59.1

0.135

0.198

40.9

0.094

0.295

425

0.240

57.3

0.138

0.202

42.7

0.103

0.324

450

0.251

57.4

0.144

0.211

42.6

0.107

0.337

Figure 5.14. Double fits of the single-barrier quenching model to the effective rate constant and
normalized emission intensity of the 4S3/2 level of the (a) long- and (b) short-lived emitters in
Er:Yb:SrFCl nanocrystals. Parameters used to fit experimental values are given in tabular format.
Fits are depicted as solid lines. Dashed vertical lines depict the low- and high-temperature regimes
and the transition window.
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5.4. Conclusions.
The luminescence response of Er:Yb:SrFCl and Er:Yb:SrFBr upconverting nanocrystals
was probed in the 100−450 K temperature range. Thermal sensitivities adequate for optical lowtemperature sensing were computed for both materials. Long- and short-lived Er3+ emitters were
identified in both Er:Yb:SrFCl and Er:Yb:SrFBr, and their temperature-dependent luminescence
responses were investigated in two temperature regimes. A single-barrier quenching model
provided an adequate description of the behavior of the 4S3/2 excited state of Er3+ emitters in
Er:Yb:SrFBr. The long-lived emitter displayed a lower activation energy for thermal quenching,
in both the low- and high-temperature regimes. The single-barrier model also served to describe
the emission from the 4S3/2 excited state of Er3+ emitters doped into SrFCl in the low-temperature
regime, where long- and short-lived emitters exhibited nearly identical activation energies for
thermal quenching. Above 325 K, short-lived emitters displayed a much stronger coupling with
the host than their long-lived counterparts, thereby governing the nanocrystals’ luminescence
response in the high-temperature regime. The distinct luminescence responses of Er:Yb:SrFCl and
Er:Yb:SrFBr indicated that the local atomic environments of the long- and short-lived Er3+ emitters
differed to a greater extent in the former.
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Chapter 6: Conclusions and perspective.
There are three major scientific problems that we tried to address throughout this Thesis:
low quantum efficiency, lack of full-spectrum color-tunability, and difficulty in achieving singleband red emissions. To address these scientific problems, the host’s chemical composition and
crystal structure is used as a synthetic lever to tailor the efficiency and color-tunability of UCNCs.
Owing to its structural flexibility, alkaline-earth fluorohalides were used as the chemical platform
to study this research approach. To probe the new host’s structural characteristics influence the
efficiency and color-tunability of UCNCs, two primary goals were proposed.
Among these two goals, our very first goal was to develop and optimize a synthetic route
to obtain phase pure rare-earth-doped alkaline-earth fluorohalides with defined size and shape.
Although alkaline-earth fluorohalides were previously developed using hydrothermal and
mechanochemical routes, colloidal synthetic routes to alkaline-earth fluorohalides were not
reported before. Therefore, there was a need to establish a colloidal synthetic route to rare-earthdoped alkaline-earth-fluorohalide upconverting nanocrystals. Up to this end, we have developed
three novel synthetic routes: one-step thermolysis, two-step thermolysis, and hot-injection
synthetic route. In one- and two-step thermolysis routes we have employed metal trihaloacetate
precursors to produce Er:Yb:MFX nanocrystals. Then, we have systematically explored the major
reaction parameters that are relevant to nanocrystal’s nucleation and growth and used them to tune
the particle’s morphology. As discussed in Chapter 2, by employing two-step synthetic route we
have successfully developed Er:Yb:SrFCl and Er:Yb:SrFBr UCNCs at 225 (250) °C with mean
diameters 12.1–17.8 (13.0–16.7) and 41.7–52.0 and (45.6–55.3) nm, respectively. This work was
published as a communication in Journal of Materials Chemistry C in 201685 and as an article in
Chemistry of Materials 2018.86 Then in 2019 monodisperse spherical shaped Er:Yb:BaFCl
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UCNCs with a mean diameter of 18.7–21.5 nm were developed using a hot-injection synthetic
route. The specialty of this synthesis is that we have employed a dual halogen source
(chlorodifluoroacetic acid) to prepare metal precursor mixtures. Therefore, our group was the first
to develop Er:Yb:BaFCl UCNCs by employing a dual halogen source and a colloidal synthetic
route. This work was published as an article in Chemistry of Materials 2019.123 Despite so many
successes, lack of understanding of the reaction mechanism held back precise control of particle’s
morphology. As discussed in Chapter 3 and 4, we have employed the trial method to a greater
extent in optimizing the particle’s morphology of Er:Yb:SrFX (X = Cl and Br), and Er:Yb:BaFCl
nanocrystals. Therefore, there is a critical need to explore the nucleation and growth mechanism
for the synthesis of Er:Yb:MFX nanocrystals. Due to the high surface-to-volume ratio of
nanocrystals, elucidating reaction mechanism is extremely difficult. Although nucleation and
growth stages are correlated processes, emphasis should be placed to identify the nucleation and
growth stages for each synthetic route. After identifying the nucleation and growth stages,
emphasis should be placed to lower the time of nucleation stage. This will allow forming a bunch
of homogenous nuclei within a short period of time. This can be done by controlling the metal
precursor concentration and reaction temperature. Having homogenous nuclei is the key factor for
narrow size distribution. The growth stage mainly determines the size of a particle. Therefore, by
controlling the reaction time, the size of a particle can be controlled. The second major issue
associated with all three syntheses is explaining the substitution of one fluoride ion by heavy halide
ions even in the presence of excess trifuloroacetic acid. However, exploring a reaction mechanism
will provide an efficient way to use reaction parameters to control the phase purity and particle’s
morphology. Also, this will explain the substitution of one fluoride ion by a heavy halide ion.
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The second proposed goal is to analyze the effect of host’s chemical composition on
structural and luminescence properties of Er:Yb:MFX nanocrystals. Up to this end, we have shown
that green-, yellow-, orange- and, red-emitters can be achieved by incorporating Er–Yb activator–
sensitizer pair to the SrFCl, SrFBr, and BaFCl hosts. Also, we have successfully accomplished
nearly single-band red emitters by employing Er–Yb as activator–sensitizer pair to SrFCl host.
Despite this success, there is still needed to optimize optical properties to accelerate the practical
application as an optical probe. Future opportunities for obtaining multicolor emissions, higher
efficiency, and obtaining single-band red emission can be divided into the following directions:
(1) fabricating core-shell structures, (2) combining transition metals into existing MFX systems,
(3) doping different activator-sensitizer pairs, (4) using dye molecules to tune the emission
wavelength.
Fabricating core-shell structures is a well-documented method for the rare-earth-doped
nanocrystal systems such as NaYF4 and NaGdF4. Here we propose three types of core-shell
(indicated as core@shell) structures for Er:Yb:MFX UCNCs: (1) Er:Yb:MFX@SiO2 type
structures. Silica is highly biocompatible material therefore, it has become a popular technique for
surface modification. Apart from minimizing the surface deactivations, silanization also protects
the nanocrystals against the influence of physiological conditions and the outside environment. (2)
Er:Yb:MFX@Yb:MF2 active core@active shell structures. In these type of structures, apart from
minimizing the surface-related deactivation, additional energy-transfer will take place from doped
Yb3+ ions in the shell to Er3+ ions in the core. Therefore, the ETU process inside the core and
energy-transfer from shell to core will increase the overall efficiency of these type of structure.
Therefore fabrication of an active shell is an effective way to tune the multicolor emission and to
increase the efficiency. (3) Er:Yb:MFX@Nd:MF2 structures. The use of 980 nm radiation as an
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excitation source in biological imaging to generate upconversion luminescence has disadvantages
such as extremely weak absorption of Yb3+ ion in the NIR region, narrow NIR absorption spectral
window, and high absorbance of water around 980 nm. Therefore, to make Er:Yb:MFX
nanocrystals more suitable in biological applications (bioimaging and biosensing), it is necessary
to move the absorption wavelength to ≈800 nm. Due to the intense absorption cross-section of
Nd3+ in the 800 nm region and efficient energy-transfer from Nd3+ to Yb3+ doping shell with Nd3+
will accelerate the practical use of these materials as an optical probe.
The second most efficient way to improve optical properties of RE:MFX nanocrystal
system is by incorporating transition metals into the host lattice. As discussed earlier, single-band
red emission with high chromatic purity serves as an ideal source for bioimaging applications. Due
to the similarities of ionic radii of Mn2+ (1.10 Å in 8 coordination environment) with that of alkaliearth ions such as Ca2+ (1.12 Å in 8 coordination site), Sr2+ (1.26 Å in 8 coordination site), and
Ba2+ (1.42 Å in 8 coordination site) doping Mn2+ ions to the MFX materials will serve as an
efficient way to achieve single-band red emission.
The third way to overcome the current scientific problems associated with state-of-the-art
materials is doping different types of activator–sensitizer pairs such as Tm–Yb, and Ho–Yb. Hence
the emission peaks produced by a specific lanthanide ion is independent of the host material, a
combination of one or more activator ions with the sensitizer can be used to tune the overall
emission color. So far we have incorporated only Er–Yb as an activator–sensitizer pair, but there
are numerous combinations of activator–sensitizer pairs that can be combined to MFX host
matrices. Tm–Yb activator–sensitizer pair is an excellent example. Thus, Tm3+ has a strong
emission at 800 nm (within the optical transparency window) Tm3+ doped materials will be
excellent candidates to perform biological imaging and sensing experiments. Not only two-

144
component ion-doped systems three-component ion-doped systems will also provide an efficient
way to tune the emission color. Based on the reported research articles on three-component doped
systems for NaYF4,19,124 we can suggest synthesizing three-ion doped MFX UCNCs. Hence the
synthetic routes for two-component doped MFX nanocrystals are optimized, and major
modifications to the synthetic routes will not be necessary when developing three-component
doped systems.
The fourth way of improving optical properties of Er:Yb:MFX UCNCs is by tuning
upconversion emission using fluorescence resonance energy transfer (FRET) or luminescence
resonance energy transfer (LRET). FRET is a phenomenon that involves energy-transfer from a
donor fluorophore to activator fluorophore by a non-radiative energy-transfer process where LRET
is a similar process, but radiative energy-transfer will take place between donor and acceptor.125127

There are previously reported articles that illustrate the ability to combine organic dyes or

quantum dots to rare-earth-doped UCNCs to produce multiple colors.128 Not only by employing
emitting dyes to emit specific colors, but there are also many reported articles to demonstrate the
use of dyes to quench a selective emission band.129
Besides tuning the optical properties to achieve efficient and color-tunable UCNCs, we
have also tested the applicability of Er:Yb:MFX nanocrystals as optical temperature sensors. As
discussed in Chapter 5, we have shown that the relative sensitivity values extracted for Er:Yb:MFX
nanocrystal systems are comparable to the relative sensitivity values that are already available in
the literature.
Overall, we hope this Thesis has contributed to the advancement of understanding the
effect of host’s chemical composition on the structural and luminescence properties of Er:Yb:MFX
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nanocrystals. In addition, we hope that the studies presented in the Thesis will allow the
establishment of a set of design principles that will develop efficient and color-tunable UCNCs.
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ABSTRACT
SYNTHESIS, STRUCTURE, AND LUMINESCENCE PROPERTIES OF
RARE-EARTH-DOPED ALKALINE-EARTH FLUOROHALIDE
UPCONVERTING NANOCRYSTALS
by
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December 2019
Advisor: Prof. Federico A. Rabuffetti
Major: Inorganic Chemistry
Degree: Doctor of Philosophy
The major scientific problems that associated with the state-of-the-art upconverting
nanocrystal system (rare-earth-doped β-NaYF4) are lower quantum efficiency, lack of fullspectrum color tunability, and difficulty in achieving single-band red emission. The major
scientific strategies that employed to address these scientific problems are based on
nanostructuring, tuning rare-earth concentration, and tuning host chemical composition. The
reported articles during the past few decades clearly illustrated that nanostructuring and tuning
rare-earth concentration hadn’t bought considerable contribution to synthesize efficient and colortunable upconverting nanocrystal systems. However, the ability to tune the chemical composition
of the host to design efficient and color-tunable upconverting nanocrystal system was limited due
to the fixed crystal structure of β-NaYF4 host. Therefore, there is a crucial need to come up with a
chemically and structurally flexible host matrix. Searching literature, alkaline-earth-fluorohalides
(MFX) were identified as a suitable chemical platform to study this research approach.
Size- and shape-controlled Er:Yb:SrFCl and Er:Yb:SrFBr upconverting nanocrystal
systems were synthesized using two novel colloidal synthetic routes: one-step thermolysis and
two-step thermolysis. The optimized reaction variables (reaction temperature, reaction time,
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precursor concentration, and the solvent system) for these systems were identified by using the
trial method. However, after numerous trials Er:Yb:SrFCl nanocrystals were obtained at two
different temperatures 225 and 250 with mean diameters of 12.1–17.8 and 13.0–16.7 nm,
respectively. Similarly, Er:Yb:SrFBr nanocrystals were synthesized at two different temperatures
225 and 250 with mean diameters 41.7–52.0 and 45.6–55.3 nm, respectively. Results from
chemical, morphological, and luminescence techniques of as-prepared nanoparticles were
characterized as a function rare-earth concentration, synthesized temperature, and host chemical
composition. Also, the structural characterizations were analyzed only as a function of the host’s
chemical composition.
Next, the third novel synthetic route was developed to produce Er:Yb:BaFCl nanocrystals.
For this synthesis decomposition if metal chlorodifluoroacetates (dual halogen source) by hotinjection route was employed. After performing numerous reaction trials, spherical shaped
nanocrystals with a mean diameter of 18.7−21.5 nm range was obtained. Similar characterization
techniques used for Er:Yb:SrFX (X = Cl and Br) systems were used to analyze the effect of rareearth concentration on the structural and luminescence properties of these materials.
Finally, this Thesis demonstrates the ability of rare-earth-doped alkaline-earth
fluorohalides to work as an optical temperature sensors.
Results presented in this Thesis demonstrate that by identifying the effect of the chemical
composition of host on the structural and luminescence properties contribute to design efficient
and color-tunable nanocrystals.
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